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ABSTRACT 

The e v o l u t i o n  o f  machines i s  t r a c e d  from e a r l i e s t  times t o  t h e  p r e s e n t .  

I t  has  been shown t h a t  some machines have become less dependent  on t h e  mechan- 

i c a l  p r o p e r t i e s  of  t h e i r  i n t e r a c t i n g  p a r t s  and more on the s u b t l e  use o f  tech-  

n iques  which e l i m i n a t e  the p o s s i b i l i t y  of breakdown through wear. E l e c t r o n i c s  
achieved  t h i s  by e l i m i n a t i n g  a l l  macroscopic motion,  w h i l e  f l u i d s  achieved  a 

s imilar  resul t  by e l i m i n a t i n g  a l l  s l i d i n g  and impingement o f  s o l i d  s u r f a c e s .  

M u l t i s t a t e  f l u i d  l o g i c  elements h e l p  t o  f i l l  t h e  gap between d i g i t a l  

t e c h n i q u e s  and d i r e c t  mechanical  c o n t r o l .  

formance of low-gain and mul t iou tpu t  e l emen t s  may be p r e d i c t e d  

e l emen t s  provide  t h e  advantages  o f  r easonab le  speed and fan-out  w i th  an in-  
s e n s i t i v i t y  t o  small v a r i a t i o n s  i n  element geometry not  shown by the h ighe r -  

g a i n  f l u i d  e lements .  

Ana lys i s  has  shown t h a t  t h e  per-  
and t h a t  t h e s e  
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SECTION 1 

MACHINES AND SYSTEMS 

1-1. HISTORICAL BACKGROUND 

Man probably first realized he could exert control over his environment 
when he found that it was possible to employ a lever to move a seemingly im- 
movable object. Since that time man has learned to control vastly more com- 
plicated machines. 

Not long after man's conquest of some of his physical limitations he 
began to see the advantages of using stones to count, and soon the abacus 
was invented. While the machines became more and more sophisticated it seemed 
that man was unable to improve on the abacus for several thousand years. The 
main limitation was the physical difficulty of  designing machines which could 
handle beads automatically. 

Eventually, by means of gears and levers, it was found possible to count 
and then to add by means of  machines. The trend toward ever-increasing com- 
plexity became most marked in the nineteenth century, when the general feel- 
ing was that everything that was possible to do could be done with a mechan- 
ical device o r  at least could be explained in terms o f  Newtonian mechanics. 

, 

A climax in mechanical complexity came during the 1820's when Charles 
Babbage attempted to build a "difference engine," which was iii essence a 

mechanical computing machine. 
nology of the day been advanced enough to meet demanding requirements of his 
machine. More complex mechanical machines have since been invented but none 
typified the futility of mechanical complexity as thoroughly as did the 
Babbage difference engine. 

He might well have succeeded had the tech- 

The turn of  this century marked the downfall of deterministic mechanics 
and the rise of such new ideas as re12tivity, uncertainty, and probability. 

1-1 
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These i d e a s  a f f e c t e d  man psycho log ica l ly  as well a s  env i ronmen ta l ly .  

now looked a t  the world not  a s  a complex, de t e rmina te  mechanism capable  of 
f i n i t e ,  i f  l engthy ,  a n a l y s i s  and u l t i m a t e  s o l u t i o n  b u t  a s  a system i n  which 

redundancy and t h e  e v o l u t i o n a r y  process  r e s u l t i n g  from t h e  co inc idence  of 

h i g h l y  improbable e v e n t s  were the very subs t ance  of r e a l i t y .  

Man 

With  h i s  new-found freedom t h e  t h i n k i n g  man was now w i l l i n g  t o  commit 

s c i e n t i f i c  "herac ies"  f o r  h e  knew t h a t  A r i s t o t l e  was grounded f o r  good and 
t h a t  t h e  church would c e r t a i n l y  not  i n t e r f e r e  w i t h  any new s c i e n t i f i c  theo-  

r i e s  unless they appeared t o  t h r e a t e n  man's concept of t h e  dev ine  w i l l .  

f o r t u n a t e l y  the  t h e o r i e s  were becoming S O  complex t h a t  t h e  layman could no 

longer  f o l l o w  them s t i l l  less know w h e t h e r  t h e y  posed a s  a t h r e a t  t o  h i s  

r e l i g i o u s  c o n v i c t i o n s ;  consequent ly ,  h e  began t o  f e e l  t h a t  s c i e n c e  should 

be l e f t  t o  t h e  s p e c i a l i s t .  

Un- 

The  f r u i t s  o f  s c i e n t i f i c  l i b e r a t i o n  from t h e  f e t t e r s  of Newtonian de- 

terminism were slow t o  r i p e n .  

s t r u c t u r e  of dogma and a u t h o r i t y .  

f i r s t  t o  ga in  freedom, and t o g e t h e r  have r e v e a l e d  t o  man such phenomena a s  

a tomic energy and n u c l e a r  r a d i a t i o n .  

ences ,  such a s  government and economics, w i l l  ach ieve  comparable g a i n s  before  

a neg lec t ed  coincidence of e v e n t s  results i n  a t e r m i n a t i o n  of a l l  p rog res s .  
Once aga in  man f i n d s  h imsel f  deeply  involved i n  t h e  mutua l ly  i m p l i c a t i v e  

problems of s c i ence  and s o c i e t y .  

Many s c i e n t i f i c  f i e l d s  were bound by a r i g i d  

Mathematics and n u c l e a r  phys i c s  were t h e  

I t  i s  t o  be hoped t h a t  t h e  o t h e r  s c i -  

Throughout t h e  s c i e n t i f i c  upheavals  of t h e  l a s t  two centuries t h e  mech- 
anism has made r e l e n t l e s s  p rogres s .  I t s  on ly  l i m i t a t i o n  has been slowness 

and a tendency t o  wear o u t .  F igu re  1-1 shows a Design-Life  Chart  i n  which 

i t  can be seen t h a t  f o r  machines t h a t  c o n t a i n  s l i d i n g  and r e c i p r o c a t i n g  

p a r t s  o p e r a t i n g  speed can be obta ined  on ly  a t  the expense of accumulated 
c y c l e s .  Also i l l u s t r a t e d  i n  t h e  c h a r t  i s  the f a c t  t h a t  machines i n  which 

t h e  r e l a t i v e  v e l o c i t y  of d i f f e r e n t  m a t e r i a l s  i s  k e p t  low can o p e r a t e  a t  
high speed and s t i l l  ach ieve  a l a r g e  number o f  accumulated c y c l e s .  

T h e  loud-speaker has an almost un l imi t ed  l i f e  because i t  c o n t a i n s  no 

s l i d i n g  p a r t s .  I t  i s  conce ivable  t h a t  r o t o r s  suppor ted  on f l u i d  bea r ings  

t o  prevent d i r e c t  s l i d i n g  con tac t  would have comparable des ign  l i f e .  
t r o n i c  d e v i c e s  con ta in  no moving p a r t s  and t h e r e f o r e  t h e i r  l i f e  i s  l imi t ed  

not by wear but by p h y s i c a l  d e t e r i o r a t i o n  of t h e  m a t e r i a l s  used .  The same 
i s  true of pure f l u i d  d e v i c e s ,  which  a r e  the s u b j e c t  of t h i s  d i s c u s s i o n .  

Elec-  
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Figure 1-1. Design-Life Chart 
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Contro l  of man's environment can be achieved not  on ly  by t h e  d i r e c t  

manipula t ion  of l e v e r s  and bu t tons  b u t  by "programmed sequences"  b u i l t  i n t o  

the machine which save  man t h e  e f f o r t  of c a r r y i n g  out  many au tomat i c  c y c l e s  

of a c t i o n .  

combination of both.  

employ an analog t o r q u e  c o n v e r t e r  t o g e t h e r  w i t h  a two-speed au tomat i c  g e a r  

s h i f t .  

These programmed sequences can be e i ther  ana log ,  d i g i t a l ,  o r  a 

For  example, some automat ic  t r a n s m i s s i o n s  used i n  c a r s  

It i s  c l e a r  t h a t  au tomat ic  sequences depend on d i g i t a l  o p e r a t i o n  w h i l e  
a d a p t i v e  p rocesses ,  such a s  e r r o r  c o r r e c t i o n  o r  p o s i t i o n  s e n s i n g ,  r e l y  on 
ana log  ope ra t ion .  With t h e  advent of u l t r a  high speed d i g i t a l  computers,  

i t  has  been found t h a t  many f u n c t i o n s  former ly  performed on ana log  d e v i c e s  
can now be performed d i g i t a l l y .  

t h e  e r r o r s  a s s o c i a t e d  w i t h  ana log  d e v i c e s  can be comple te ly  avoided.  
lems of guidance i n  which a complete t r a j e c t o r y  must be p r e d i c t e d  a t  f r equen t  

s t a g e s  i n  t h e  f l i g h t  o f  a space v e h i c l e  can be so lved  d i g i t a l l y  more e a s i l y  

than  by ana log  means and w i t h  f a r  g r e a t e r  accuracy .  

The advantage of d i g i t a l  dev ices  i s  t h a t  

Prob- 

The  use of f l u i d s  i n  performing computation f u n c t i o n s  o f f e r s  many ad- 

vantages  over  t h a t  o f  e l e c t r o n i c  d e v i c e s .  F l u i d  dev ices  a r e  u l t r a r e l i a b l e ,  

i n s e n s i t i v e  t o  e l ec t romagne t i c  f i e l d s ,  use l i t t l e  power, and a r e  capable  of 
d i r e c t  coupl ing  t o  a p p r o p r i a t e  s e n s o r s  and e f f e c t o r s .  The speed of f l u i d  

d i g i t a l  d e v i c e s ,  a l though much s lower than  the i r  e l e c t r o n i c  c o u n t e r p a r t s ,  

i s  s t i l l  f a s t  enough f o r  sequencing f u n c t i o n s .  

i s  l i k e l y  t o  depend more h e a v i l y  on ana log  o p e r a t i o n  than  would a system em- 
p loy ing  e l e c t r o n i c s ,  
ana log  dev ices  are s u s c e p t i b l e  t o  d r i f t ,  and a-c e l e c t r o n i c  dev ices  a r e  not  
very  adap tab le  t o  ana log  computation. 
which l e n d  themselves i d e a l l y  t o  ana log  o p e r a t i o n .  Second, e l e c t r o n i c  de- 

v i c e s  a r e  so f a s t  t h a t  i t  i s  p o s s i b l e  t o  o p e r a t e  them a t  c u t o f f  and a t  s a t u -  

r a t i o n  only  and t h e r e b y  e l i m i n a t e  the problem of  d r i f t  by r e s o r t i n g  t o  d i g i -  
t a l  o p e r a t i o n .  

from t h o s e  of e l e c t r o n i c  d e v i c e s :  

t e r i s t i c s  do not change w i t h  age o r  environment ,  but  t h e y  a r e  s lower .  
n a t u r a l  t h e n  t h a t  t h e  a n a l o g - d i g i t a l  mix f o r  a f l u i d  system would be d i f f e r e n t  

from t h e  a n a l o g - d i g i t a l  mix f o r  an e l e c t r o n i c  system. 

Any system employing f l u i d s  

The reasons  f o r  t h i s  a r e  twofold :  F i r s t ,  d-c e l e c t r o n i c  

T h i s  i s  not  true of f l u i d  d e v i c e s ,  

F l u i d  dev ices  e x h i b i t  c h a r a c t e r i s t i c s  e n t i r e l y  d i f fe ren t  
F l u i d  d e v i c e s  do not  d r i f t ,  their  charac-  

It i s  

A f a c t o r  which would c e r t a i n l y  a f f e c t  t h e  choice  of d e v i c e s  t o  be used 
i n  a system would be t h e  need f o r  u l t r a r e l i a b i l i t y  and adequate  speed.  
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F l u i d  dev ices  show i n d i c a t i o n s  o f  being more r e l i a b l e  t h a n  any o t h e r  d e v i c e s  

y e t  i nven ted .  I t  i s  f o r  t h i s  reason t h a t  both ana log  and d i g i t a l  f l u i d  de- 

v i c e s  must  be developed and u l t r a r e l i a b l e  systems demonst ra ted ,  i f  c o s t l y  

system f a i l u r e  i s  t o  be an extremely ra re  even t  r a t h e r  t han  an almost  ex- 

pec ted  e v e n t .  

1-2. A BRIEF HISTORY OF FLUID AMPLIFIERS 

The major breakthrough i n  f l u i d  a m p l i f i e r  r e s e a r c h  was made by t h e  

Diamond Ordnance Fuze L a b o r a t o r i e s  i n  1960 wi th  t he  development o f  a f l u i d  

a m p l i f i e r  which uses no moving p a r t s .  Immediately,  i t  appeared t h a t  t h e  

new f l u i d  a m p l i f i e r  would f i l l  t h e  gap w h i c h  ex is ted  between the  s low mechan- 

i c a l  d e v i c e s  used i n  c o n t r o l  equipment and c a l c u l a t i n g  machines and t h e  un- 
n e c e s s a r i l y  f a s t  and expens ive  e l e c t r o n i c  d e v i c e s  used i n  high-speed com- 

p u t e r s .  

I n i t i a l l y ,  much p rogres s  was made i n  f l u i d  a m p l i f i e r  r e s e a r c h :  Many 

i n v e n t i o n s  were announced, and hundreds of  papers  were w r i t t e n .  

found t h a t  f l u i d  a m p l i f i e r s  could be modi f ied  t o  g i v e  an almost  u n l i m i t e d  

v a r i e t y  of  d-c c h a r a c t e r i s t i c s .  Problems which involved t h e  i n t e r c o n n e c t i o n s  

of  complex c i r c u i t s  were encountered and s y s t e m a t i c a l l y  so lved .  

It was 

About two y e a r s  l a t e r  Raymond N. Auger' completed development of h i s  

t u r b u l e n c e  a m p l i f i e r ;  t h i s  a m p l i f i e r  r e a f f i r m e d  t h e  importance of  i npu t  and 

o u t p u t  i s o l a t i o n .  I t  now appeared t h a t  a l l  c i r c u i t  problems had been so lved  

and t h a t  the on ly  remain ing  problems were speed improvement and f a b r i c a t i o n .  

However, t h e  t u r b u l e n c e  a m p l i f i e r  had two major d i sadvan tages :  I t  could not 

be f a b r i c a t e d  a s  cheaply  a s  would have been d e s i r e d ,  and i t  was s low t o  re- 
cove r  i t s  f u l l  o u t p u t  s i g n a l  s t r e n g t h  once t h e  c o n t r o l  s i g n a l  had been re- 

moved. 

,.,. wnen t h e  i n i t i a l  ies i i l ts  of e a r l y  f l n i d  amplifier i n v e s t i g a t i o n s  were 

announced, e v a l u a t i o n s  made by UNIVAC e n g i n e e r s  d i s c l o s e d  t h e  s e r i o u s  high-  

speed l i m i t a t i o n s  of pure  f l u i d  d i g i t a l  d e v i c e s .  It  l a t e r  appeared t h a t  

f l u i d  d e v i c e s  were not  even a s  f a s t  a s  mechanical  d e v i c e s .  U N I V A C  had been 
i n v e s t i g a t i n g  t h e  f e a s i b i l i t y  o f  using f l u i d  d e v i c e s  t o  c o n t r o l  magnet ic  
t a p e  by swi t ch ing  a i r  between two c o u n t e r - r o t a t i n g  c a p s t a n s .  
c a l  va lves  had a l r e a d y  been developed which could switch i n  less than  h a l f  a 

m i l l i s e c o n d .  
h i g h e r  speeds  could be ob ta ined .  

Electromechani-  

It  was f e l t  t h a t  by e l i m i n a t i n g  moving p a r t s  a l t o g e t h e r  even 
E a r l y  t e s t s  c a r r i e d  ou t  by UNIVAC showed 
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t h a t  t h e  swi tch ing  time of  t h e  pure f l u i d  f l i p - f l o p  was approximate ly  one 
m i l l i s e c o n d .  

A comprehensive program was then  e s t a b l i s h e d  t o  deve lop  a high-speed 

pure  f l u i d  l og ic  d e v i c e .  An e n t i r e l y  new approach,  which employed t h e  "edge- 

tone"  e f f e c t ,  was conce ived ,  and a d e v i c e  was b u i l t  whose aim was t o  ach ieve  

speeds  comparable t o  t h e  ha l f -pe r iod  of  t h e  edgetone  f requency .  T h i s  d e v i c e  

showed t h a t  speeds could be improved and t h a t  an unde r s t and ing  o f  t h e  b a s i c  

edgetone  phenomenon could  lead t o  a useful high-speed e lement .  Because the 

edgetone  phenomenon i s  ex t remely  compl ica ted ,  s e v e r a l  mathematical  and theo-  

r e t i c a l  s t u d i e s  a r e  p r e s e n t l y  underway t o  c l a r i f y  the d i r e c t i o n s  f o r  f u t u r e  
de  ve 1 o pmen t . 

A p a r a l l e l  e f f o r t  i n  the ques t  f o r  h i g h e r  speeds  i n  f l u i d  d e v i c e s  re- 
s u l t e d  i n  the UNIVAC i n v e r t e r .  T h i s  d e v i c e  achieved a s w i t c h i n g  speed of  
about  a t h i r d  of  a m i l l i s e c o n d ;  i t s  c h i e f  c h a r a c t e r i s t i c s  were t h e  i n c r e a s e d  

e f f e c t i v e n e s s  of t h e  c o n t r o l  s i g n a l ,  and, consequent ly ,  a reduced dependence 

on wall lock-on e f fec ts .  Although t h i s  speed i n c r e a s e  was not  d rama t i c ,  i t  

d i d  p o i n t  the way t o  a promising means of improving f l u i d  a m p l i f i e r  perform- 

ance .  

was t h e  f a b r i c a t i o n  o f  a NOR g a t e ,  which was b u i l t  by combining a four - input  

OR g a t e  wi th  a U N I V A C  i n v e r t e r .  

complete  i s o l a t i o n  of  a l l  f o u r  i n p u t s  was achieved .  

was s u f f i c i e n t  t o  permit  each NOR g a t e  t o  d r i v e  f o u r  o t h e r  NOR g a t e s ,  and 

t h e  i n v e r t e r  was found t o  be s u f f i c i e n t l y  i n s e n s i t i v e  t o  ou tpu t  load t h a t  

no problems were encountered  i n  assembl ing  complex c i r c u i t s .  

A f u r t h e r  s t e p  toward the development of  a u s e f u l  high-speed d e v i c e  

The des ign  o f  t h e  OR g a t e  was such t h a t  
The g a i n  o f  t h e  i n v e r t e r  

Unfo r tuna te ly ,  t h e  a d d i t i o n  of  the fou r - inpu t  OR g a t e  t o  the  i n v e r t e r  

i n c r e a s e d  t h e  swi tch ing  time of  t h e  r e s u l t i n g  NOR g a t e  t o  a lmost  one m i l l i -  

second,  and i t  appeared t h a t  l i t t l e  p rogres s  had been made i n  terms of  speed .  

However, progress  i n  such a r e a s  a s  f a b r i c a t i o n ,  expe r imen ta l  and a n a l y t i c a l  
t e c h n i q u e s ,  and d e s i g n  methods was be ing  made, bu t  speed remained a major  
d i f f i c u l t y  . 

1-3. T H E  STUDY OF MULTISTATE FLUID LOGIC ELEMENTS 

Some time ago NASA sugges ted  t h a t  perhaps  ou r  approach should be c e n t e r e d  

less on t h e  use o f  b i n a r y  d e v i c e s ,  which owed t h e i r  success i n  electronic com- 
p u t e r s  t o  an essent ia l ly  two-state mode of o p e r a t i o n t e n d  more on multistate 
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devices, which are based on the completely different principles involved 
in the operation of interacting jets enclosed by walls. 

Multistate elements proved more difficult to design than had been anti- 
cipated. 
characteristics failed to meet even the barest design specifications. It 
soon became clear that the difficulties which had been encountered in de- 
signing a satisfactory flip-flop were compounded in the design of a tristable 
element. 

Most of the early attempts resulted in devices whose steady-state 

Logical design studies in multistate elements showed that although a 
tristable element-had an advantage over more conventional elements as far 
as design of  an asynchronous shift register was concerned, its use in gen- 
eral was limited. A more useful device would be a trilevel element which 
could enhance the use of the more logically powerful ternary arithmetic and 
its associated algebra. Depending on its control signals, the UNIVAC aero- 
sonic device was capable of producing three different output levels, and it 
was felt that this device might form the basis of a useful three-level ele- 
ment. Tests of this element showed that while three-level operation was 
extremely sensitive to small geometry variations, three-state operation 
could easily be obtained by simply replacing the central splitter responsi- 
ble for the edgetone by a receiver to form a third output. 
a three-state element with limited logical utility. 

UNIVAC now had 

Several three-state elements were built, and an asynchronous shift 
Dynamic register was assembled by use of these elements and NOR gates. 

tests showed, however, that the three-state element was even slower than 
the conventional flip-flop, and the search for a new principle of operation 
continued. 

The switching speeds of active elements appeared to be of the order of 
one millisecond for a power nozzle w i d t h  cf 0.c120 i n c h ;  however, tests on 
passive elements employing momentum exchange showed that speeds could be 
reduced to one tenth of a millisecond, if the wall attachment effects were 
eliminated. This discovery led to the development of two multistate logic 
elements whose operation depended only on the exchange of momentum between 
the input jets. 
cuit depended almost as much on the amount of logic which could be accom- 
plished at each jet interaction region as on the speed of the individual 
elements . 

It soon became evident that the speed of a fluid logic cir- 
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We are at the crossroads in fluid amplifier development; on the one 
hand we have elements with very high gain and poor switching speed, and on 
the other hand we have elements with very high switching speed and poor 
gain, 
the latter elements have been classed as passive; however, in the light of 
recent discoveries, this distinction has become less meaningful. What is 
now anticipated is a synthesis of  active and passive principles so that 
high speed is combined with adequate gain. 

The former elements have been conventionally classed as active, while 
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SEnION 2 

DEVELOPMENT OF MULTISTATE ELEMENTS 

2-1. STATEMENT OF PROBLEM 

As soon as the project was begun the problem was divided into two phases: 
the development of elements having three or more stable states and the investi- 
gation of  the logical design problems which would result. Phase 1 of the con- 
tract consisted o f  studies and experimental work to establish the logic rules 
and feasibility of construction of logic elements with three or more stable 
states. 
fluid logic devices was determined. 

The maximum number of stable states which is practical by use of 

Phase 2 consisted of defining the mathematical concepts required for a 
logic system utilizing the selected number of stable states. 
work was accomplished showing the feasibility of utilizing this higher order 
logic to accomplish addition, subtraction, counting, shifting, and so  on. 

Experimental 

We shall review, historically and critically, the research in multistate 
elements; we shall also criticize, in the light of subsequent findings, the 
manner in which the work was carried out. In this way relevant data obtained 
later in the program will be introduced to clarify areas where the nature of 
the problem was not fully appreciated at the time. 

2-2. EXPERIMENTS WITH THREE-DIMENSIONAL ELEMENTS 

Early experiments with the DOFL-type flip-flop demonstrated that even 
two-state operation of fluid devices was extremely critical and that without 
a means of isolating the outputs the circuit problems resulting from loading 
sensitivity were such that the building of complex working systems was an 
extremely arduous task. 
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Because we had found great difficulty in designing a satisfactory two- 
dimensional flip-flop or two-state element, we decided that there would be 
little point in designing a two-dimensional three-state element. A three- 
dimensional device was therefore designed and tested. 
with the increased freedom of a third dimension many of our problems would 

It was our hope that 

disappear. 

Figure 2-1 shows a diagrammatic representation of the design tested. 
It appeared that stable operation of the device was difficult to achieve be- 
cause of the poor attraction which can be exerted by the inside wall of a 

t 
P t m 2 - 2  

Figure 2-1. Three-Dimensional Four-Output 
Memory Element 
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hollow cone on a circular jet. 
bility of the jet by providing regions of low pressure in the interaction 
zone, but no success was achieved. 
dimensional multistable devices would require further engineering design: as 
a consequence, attention was then focused on two-dimensional elements. 

Attempts were made to increase the multista- 

It was concluded at that time that three- 

2-3. EXPERIMENTS WITH THE POLYGONAL ELEMENT 

Figure 2-2 shows an early concept of the polygonal element as envisioned 
It was found that the pressure recovered at the last output in the proposal. 

fell rapidly as the number of  polygonal sides increased. The relationship 

I / z 7 .  O U T P U T  1 

givi 
and 
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C O N T R O L  

C O L L E C T O R  

Figure 2-2. Polygonal Four-Output Memory Element 

ng the final output pressure po as a function of the supply pressure 
the number of polygonal sides n was found to be 

p, = ~~(0.45)" 
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Thus, with four polygonal sides and a supply pressure of 20 inches of 
water 

4 po = 20(0.45) 

= 0.825 inch 

It appeared that the polygonal element had little to offer, since all 
Its capacity to drive other similar the outputs were at different levels. 

elements depended not only on the output level available but also on the 
point within the polygon where the input signal was applied. 

Work done later showed that in some instances it is economical to cas- 
cade passive elements and thereby form a special-purpose multistate element. 
The polygonal element is one example of a series of inverter-type elements 
in which the output of one element supplies the power for a second element 
the output of which supplies the power for a third element and so on, 
form of cascading is necessarily less effective than the form in which the 
power for each passive element is supplied from the output of an active ele- 
ment where there is no decay of signal strength throughout the cascade and, 
consequently, no limit to the extent of cascading permissible. 

This 

2-4. EXPERIMENTS WITH THE AEROSONIC DEVICE 

This device was originally conceived as an ultra high-speed fluid logic 
element. 
on in the absence of control signals at either D or E, the flow will oscillate 

Figure 2-3 shows the basic geometry. If the power jet is turned 

C 

CONTROL CONTROL 

L I Z - 4  POWER JET 

Figure 2-3. Aerosonic Device 
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about  t h e  c e n t r a l  wedge a t  a frequency determined by t h e  s u p p l y  p r e s s u r e  

and t h e  wall geometry. 

e r a l  o r d e r s  o f  magnitude f a s t e r  than would be o b t a i n e d  from a m u l t i v i b r a t i n g  

f l i p - f l o p  of c o n v e n t i o n a l  d e s i g n .  

Experiments have shown t h a t  t h i s  f requency  i s  sev- 

The p r i n c i p l e  involved  i n  t h e s e  exper iments  i s  t h a t  three s t a b l e  states 
are p o s s i b l e .  

about  t h e  c e n t r a l  wedge. 

drawn t o  t h e  lef t  by t h e  d i f f e r e n t i a l  p r e s s u r e  on e i t h e r  s i d e  of  t h e  power 

j e t ;  t h i s  d i f f e r e n t i a l  p r e s s u r e  r e s u l t s  from a d i f f e r e n c e  of  en t ra inment  
w i t h i n  t h e  c a v i t i e s  I and J. When c o n t r o l  p o r t  D i s  open and c o n t r o l  p o r t  

E i s  c l o s e d  t h e  j e t  i s  drawn t o  the r i g h t .  

Wi th  bo th  c o n t r o l  j e t s  D and E open t h e  power j e t  o s c i l l a t e s  

When c o n t r o l  p o r t  D i s  c l o s e d  t h e  power j e t  i s  

By v a r y i n g  t h e  geometry of the element  it i s  p o s s i b l e  t o  achieve  three 
s t a b l e  s t a t e s :  

1. Flow from l e f t  s i d e  only  

2 .  Flow from r i g h t  s i d e  o n l y  

3. Flow d i v i d e d  equally between lef t  and r i g h t  s i d e s  

T h i s  phenomenon had long been observed by UNIVAC e n g i n e e r s ,  and it  was f e l t  
t h a t  it might form t h e  b a s i s  of  a m u l t i l e v e l  element i n  which each of t h e  

two o u t p u t s  could have three l e v e l s  cor responding  t o  z e r o  f low,  h a l f  f low,  

and f u l l  f low,  r e s p e c t i v e l y .  

I t  appreared  t h a t  wedge C was t h e  c r i t i c a l  component i n  t h e  e lement ,  

s i n c e  v e r y  s l i g h t  asymmetry of  t h i s  wedge r e s u l t e d  i n  a complete  change of  
d e v i c e  characterist ics.  The design approach a t  t h i s  p o i n t  r e q u i r e d  t h e  com- 

p l e t e  removal,  where p o s s i b l e ,  of any component which caused t r o u b l e .  

removing t h e  c e n t r a l  wedge it  was s t i l l  p o s s i b l e  t o  o b t a i n  t h r e e - l e v e l  op- 

e r a t i o n  by t h e  e x p e d i e n t  of s p l i t t i n g  t h e  f l o w  a f t e r  c o l l e c t i o n  r a t h e r  t h a n  

i n  t h e  c r i t i c a l  r e g i o n  of t h e  aevice  i t s e l f .  

By 

Without t h e  c e n t r a l  wedge the performance o f  t h e  d e v i c e  was much more 

r e l i a b l e .  

i s t i c s .  
apply  c o n t r o l  p r e s s u r e  a t  both i n p u t s  and t h e n  t o  remove t h e  c o n t r o l  p r e s s u r e  

from both  s i d e s  s i m u l t a n e o u s l y  or  t o  t u r n  o f f  t h e  power supply  and t h e n  t o  

t u r n  i t  on i n  t h e  absence of  c o n t r o l  s i g n a l s .  

However, i t  was s t i l l  d i f f i c u l t  t o  o b t a i n  t h e  d e s i r e d  c h a r a c t e r -  
I n  o r d e r  t o  o b t a i n  t h e  c e n t r a l  ou tput  it was n e c e s s a r y  e i ther  t o  
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The apparatus used for testing this design is shown in Figure 2-4. Air 
was applied to the power supply of the model by means of two Lamb electric 
blowers contained in the wooden casing shown. A mist generator, which is 
shown t o  the right of the test apparatus, is used for generating a kerosene 
mist by heating liquid kerosene to boiling point and collecting the vapor 
in a bottle. 
condensed into a mist and made flow visualization possible. 

The vapor was then passed into the main power stream where it 

Figure 2-5 shows the power jet unattached to either wall. This state 
was attained by turning on the power jet in the absence of any control sig- 
nals, Figure 2-6 shows the power jet attached to the left-hand wall of the 
device. This state was attained by applying control pressure to the right- 
hand vortex chamber, and Figure 2-7 shows the power jet attached to the 
right-hand wall. 

Figure 2-8 shows an improved design of a three-output element contain- 
ing a five-inch-by-five-inch nozzle. 
this device was achieved in the same manner as for the design of the element 
shown in Figures 2-5, 2-6, and 2-7. 

Flow visualization for the design of 

It was possible to set the element to any one of its three stable states 
by means of pulses applied at the control inputs, Bi and Ci. 
was in its Bo state, a short pulse applied at C. would reset the element to 
its Ro state. 
it was necessary to apply a long pulse at Ci, 
state of the element from C to B it was necessary to apply a long pulse 
at Bi. The element could also be reset to its Ro state by applying either 
short or long pulses at both Bi and Ci, 
the input signals be removed simultaneously. 

If the element 

1 
However, to change the state of the element from Bo to Co, 

Similarly, to change the 

0 0'  

In this case it was important that 

A three-state fluid device with a 0.030-inch-by-0.120-inch nozzle was 
developed (see Figure 2-91, 
successfully in an asynchronous logic circuit called a queueing register, 
which will be described in Section 4. 

Tests showed that this device would operate 

I 
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Figure 2-4. Apparatus f o r  Testing Large-Scale Models 
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Figure 2-5. Three-State Model ( J e t  i n  Central Pos i t ion)  
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F i g u r e  2-6.  Three -S ta t e  Model (Jet  At t ached  t o  Left-Hand Wall)  
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Figure 2-7. Three-State Model (Jet  Attached t o  Right-Hand Wall) 
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Figure 2-8. Three-State Model (Improved Design) 
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Figure 2-9. Magnified View of Adjustable Element 
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SECTION 3 

THE EVOLUTION OF AN ANALYTICAL APPROACH TO FLUID SYSTEMS 

3-1. GENERAL 

Application of a new idea rarely waits for the idea to be perfected. 
Pure fluid logic elements have far to go before anything like optimum de- 
signs are achieved, yet even in their present state they have found industrial 
uses as timing and control devices. Elements have been designed which use 
very little power, are quiet, and can operate on conventional shop air under 
almost any conditions of temperature, noise, vibration, humidity, and shock. 

UNIVAC has built a timing device for the Sandia Corporation and a small 
computer for demonstration purposes by use of the UNIVAC pure fluid NOR gate. 
A paper announcing the UNIVAC Fluid Computer, the world's first pure fluid 
digital computer, has been presented at the Fall Joint Computer Conference 
in San Francisco this year, and it is anticipated that this significant 
paper will herald a new era in man's use of fluids. 

At present many problems which can be solved by means o f  electromagnetic 
relays can be solved more cheaply and reliably by means of fluid amplifiers. 
UNIVAC expects to develop elements which are fast enough to do fairly sophisti- 
cated computer logic. 
Justify the extended use o f  parallel logic in performing operations hitherto 
regarded as lying in the domain of electronics. 
mechanical logic elements will become a rarity since they will, in general, 

be replaced by fluid devices. Hole, ripple, and bump detectors, such as 
those used in paper tape readers, will probably use air both as a means of 
detecting information and as the medium for pure fluid l og ic  decoding and 
error detection circuits.  

These elements will be sufficiently inexpensive to 

Mechanical and electro- 

3-1 



The chief difficulty so far has been the inability to predict the reli- 
ability of elements. 
have been demonstrated there appears every reason to expect that digital and 
analog pure fluid systems will be increasingly in demand. 
to radiation and do not emit radio frequency signals which might be decoded, 
they have almost infinite life, and they can operate under extremes of temper- 
ature and pressure which would be destructive to any other known system. 

Now that the advantages of low-gain multistate elements 

They are immune 

Work carried out so far has indicated that as the number of stable con- 
ditions for a fluid element increase so do the geometric sensitivity, the 
power required, and the switching time. It appears also that these three 
factors increase with pressure gain and flow gain. 
ables which enter into the design of a fluid element is large it is helpful 
to consider them independently and then to envolve an empirical relationship 
which will aid in the design of a pure fluid system. 

Since the number of vari- 

3-2. REYNOLDS NUMBER 

There seems to be a minimum value below which an element will not per- 
form satisfactorily. 
fail at higher minimum Reynolds numbers than elements, such as the Auger 
turbulence amplifier, designed for transition between turbulent and laminar 
flow. This fact suggests that an element designed to operate entirely in 
the laminar region, while perhaps being capable of operating in the turbu- 
lent region, would perform best at much lower Reynolds numbers than elements 
in current use. 

Elements designed to operate in the turbulent region 

3-3. FLOW GAIN 

In order to fan out from one element to a number of similar elements 
when only one output is available, a flow gain of at least two must be pro- 
vided. However, very high flow gains depend on an aerodynamic triggering 
action which is strongly dependent on Reynolds number unless the element is 

e operating well in the turbulent regime. At very high Reynolds numbers R 
the flow gain Gf approaches an asymptotic value. At low Reynolds numbers 
the flow gain tends to become lower although this is not always the case. 

3-2 

I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

3-4. PRESSURE G A I N  

I f  an element i s  used t o  d r i v e  a s i m i l a r  element some p r e s s u r e  g a i n  

must  be provided t o  overcome l ine losses and any v a r i a b i l i t y  i n  t h e  elements 
themselves .  A p a s s i v e  element w i l l  no t  have g a i n ;  however, the  l o s s  a c r o s s  

a p a s s i v e  element m u s t  be r e s t o r e d  a t  t h e  next a c t i v e  s t a g e  t o  gua ran tee  

p ropaga t ion  of  a f l u i d  s i g n a l .  I n  g e n e r a 1 , p a s s i v e  elements perform combi- 

n a t i o n a l  l o g i c  on two o r  more inputs  w h i l e  a c t i v e  elements perform a m p l i f i -  

c a t i o n  and i n v e r s i o n  o f  a s ingle  inpu t .  

3-5. ASPECT RATIO 

E s s e n t i a l l y ,  two-dimensional e lements  a r e  elements w i t h  l a r g e  a s p e c t  

r a t i o s .  Experiments  have shown t h a t  an element can be cons ide red  t o  be two- 

d imens iona l  i f  the dep th  of t h e  power nozz le  i s  a t  least  f i v e  times the  

w i d t h .  Unfo r tuna te ly ,  high a spec t  r a t i o s  resul t  i n  much was te  of  power, 
since f o r  a g iven  nozz le  w i d t h  t h e  power r e q u i r e d  i s  p r o p o r t i o n a l  t o  the  

dep th  of t he  element. 

u n i t y ,  secondary f lows  become s i g n i f i c a n t ,  and t h e  performance o f  t h e  d e v i c e  
changes.  T h i s  s u g g e s t s  t h a t  there must  be an optimum a s p e c t  r a t i o  f o r  m i n i -  

mum power when the c r o s s - s e c t i o n a l  a r e a  o f  t h e  nozz le  i s  k e p t  cons t an t  and 

t h e  performance c h a r a c t e r i s t i c s  a r e  main ta ined  by s u i t a b l e  changes i n  ele- 

ment geometry.  

As t h e  aspec t  r a t i o  o f  the power nozz le  approaches 

3-6. FAN-OUT 

The f low g a i n  f o r  an element is  determined by t h e  r e q u i r e d  fan-out .  

Since f o r  o p e r a t i o n  a t  m i n i m u m  Reynolds number t h e  f low g a i n  m u s t  be kept  

low, the fan-out should be kept t o  a m i n i m u m  c o n s i s t e n t  w i t h  l o g i c a l  conven- 

ience. An a m p l i f i e r  p rov id ing  both p o l a r i t i e s  o f  an inpu t  s i g n a l  has  an 

i n t r i n s i c  ga in  of 2 ;  t h e r e f o r e ,  i f  such ari aiiipiifier i s  iised i n  a !ogics? 
d e s i g n  there need be no d i v i d i n g  of the  f low from any one o u t p u t .  Flow d i -  

v i d e r s  have always been a sou rce  of d i f f i c u l t y ,  because a t  high f r e q u e n c i e s  

dynamic coupl ing  of t h e  ou tpu t  legs  can c r e a t e  spu r ious  s i g n a l s  w h i c h  cause  

e r r o r s .  Another undes i rab le  aspec t  of  d i v i d e r s  i s  t h a t  t hey  make necessary  

a r e d u c t i o n  i n  t h e  nozz le  s i z e  of t h e  p a s s i v e  elements and an inc reased  de-  

pendence on f low i s o l a t o r s  o r  bleeds t o  accommodate v a r i a t i o n s  i n  t he  ou tpu t  
l o a d s  r e s u l t i n g  from d i f f e r e n t  fan-out needs .  A method of p rov id ing  fan-out  

which overcomes the load v a r i a t i o n  d i f f i c u l t y  i s  d i s c u s s e d  i n  Appendix C,  
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bu t  the nozzle  s i z e  d i f f i c u l t y  remains and may prove t o  be insurmountable  
when extremely sma l l  power supply  n o z z l e s  a r e  used. 

3-7. NUMBER OF STABLE STATES 

Experience wi th  t h e  wall  a t t r a c t i o n  and edgetone  f l i p - f l o p s  has  shown 

t h a t  two s tab le  s t a t e s  a r e  ex t r eme ly  d i f f i c u l t  t o  o b t a i n  i n  a p r a c t i c a l  f l u i d  

l o g i c  element des igned  t o  o p e r a t e  a t  low Reynolds numbers. 

e lements  has r evea led  a compounding of  t h e  d i f f i c u l t i e s .  

m u l t i s t a b l e  element d e s i g n  had been ach ieved ,  it was found t o  be ex t r eme ly  

Work on m u l t i s t a b l e  

Even when a workable  

d i f f i c u l t  t o  reproduce t h e  elements. 
time of  these elements was even s lower  t h a n  t h a t  of  two-s t a t e  e lements .  It  

t h u s  appea r s  t h a t  there are both  p r a c t i c a l  and t h e o r e t i c a l  o b j e c t i o n s  t o  the 

use of e lements  w i th  three o r  more s t a b l e  s t a t e s .  Indeed ,  even t h e  two-s t a t e  

f l i p - f l o p  may be i m p r a c t i c a l  a t  ex t r eme ly  low Reynolds numbers. 

Dynamic t es t s  showed t h a t  t h e  s w i t c h i n g  

3-8. POWER 

The number of elements t o  be d r i v e n  by each ou tpu t  of  a f l u i d  d e v i c e  
Power g a i n  i s  a a f f e c t s  the power which must be s u p p l i e d  t o  the  element. 

second f a c t o r  which m u s t  be cons idered  s i n c e  high g a i n  resul ts  i n  a g r e a t e r  

pe rcen tage  of  l o s t  power t h a n  does low gain.  I n  o r d e r  t o  minimize t h e  power 

consumed by an element  i t  i s  c l e a r l y  advantageous t o  keep t h e  r e q u i r e d  power 

g a i n  a t  the lowest p r a c t i c a l  l e v e l .  Log ica l  des ign  s tud ie s  have shown t h a t  
any l o g i c a l  func t ions  can be performed by a c t i v e  elements which have a fan-  
i n  of  two and a fan-out  of  two. If each ou tpu t  l e g  of  an a c t i v e  element i s  
used t o  d r i v e  only  one element t h e n  the f low g a i n  need be l i t t l e  more than  

u n i t y  and t h e  pressure ga in  c e r t a i n l y  no more than  2.  

an ample margin of  s a f e t y  under a l l  r e a s o n a b l e  c o n d i t i o n s .  

T h i s  would a l l o w  f o r  

3-9. SENSITIVITY TO VARIATIONS I N  GEOMETRY 

T e s t s  c a r r i e d  ou t  on an i n v e r t e r  and a f l i p - f l o p  p r i o r  t o  work on m u l t i -  

s t a t e  e lements  showed t h a t  high ga in  can be achieved  o n l y  if element geometry 
i s  h e l d  w i t h i n  ex t remely  c l o s e  t o l e r a n c e s .  As the  s i z e  of  t h e  element i s  re- 

duced t h e s e  t o l e r a n c e s  become even more c r i t i c a l .  T h i s  means t h a t  h i g h l y  re- 
f i n e d  reproduct ion  t echn iques  are r e q u i r e d  f o r  elements having  g a i n s  compar- 

a b l e  t o  those  of t h e i r  e l e c t r o n i c  c o u n t e r p a r t s .  
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3-10. SUITABILITY FOR INTEGRATED CIRCUITRY 

One of  t h e  c h i e f  advantages  of  f l u i d  l o g i c  d e v i c e s  i s  t h e i r  a b i l i t y  t o  

be in t e rconnec ted  w i t h i n  a s i n g l e  piece of  m a t e r i a l  i n  t h e  form of a "sheet" 

of  e lements  c o n t a i n i n g  a l l  power supplies, dumps, and passages .  Such sheets 
of  elements could form l o g i c  modules which could t h e n  be p l aced  i n  a p i l e  t o  
form a complete f l u i d  system perhaps i n c o r p o r a t i n g  both d i g i t a l  and ana log  

f l u i d  elements. 
d u c t i o n  y i e l d s  a s  high a s  95 percent  when t h e y  were in jec t ion-molded .  

n a r i l y  t h i s  would be perfectly accep tab le ,  b u t  when 100 of these elements 

a r e  molded s imul t aneous ly  i n t o  a s i n g l e  l o g i c  module the y i e l d  of  t h e s e  

modules would become a mere (0.95)lOO X 100 o r  0.59 p e r c e n t ,  which would be 

ex t remely  w a s t e f u l .  

i t  now appea r s  q u i t e  f e a s i b l e  t h a t  working modules c o n s i s t i n g  of s e v e r a l  

hundred e lements  each could be inject ion-molded wh i l e  s t i l l  producing a y i e l d  

c l o s e  t o  100 p e r c e n t .  

Some of  t h e  high gain elements developed a t  U N I V A C  had pro-  

Ordi-  

Elements w i t h  low g a i n  can have much h i g h e r  y i e l d s ,  and 

3-11. SWITCHING SPEEDS 

S ince  d i g i t a l  l o g i c  r e l i e s  e s s e n t i a l l y  on coun t ing  b i t s ,  i t  i s  h i g h l y  

d e s i r a b l e  t o  count r a p i d l y ;  o therwise ,  the time r e q u i r e d  f o r  performing use- 
f u l  c a l c u l a t i o n s  might be unacceptably long.  U n l i k e  ana log  f l u i d  d e v i c e s  

whose response  i s  f a s t e r  than  t h a t  of most mechanical  systems t h e y  a r e  re- 
q u i r e d  t o  c o n t r o l ,  d i g i t a l  d e v i c e s  m u s t  perform many c y c l e s  t o  e f f e c t  even 

a simple c o n t r o l  o p e r a t i o n  where accurac i e s  b e t t e r  than  t h o s e  o b t a i n a b l e  

from analog  d e v i c e s  a r e  r e q u i r e d .  I t  i s  t h e r e f o r e  v i t a l  t h a t  pure f l u i d  

d i g i t a l  dev ices  be a s  f a s t  a s  p o s s i b l e .  
s t a t e  elements and e l emen t s  designed t o  have high g a i n s  a r e  a t  l e a s t  an o r d e r  

of  magnitude s lower  than  elements designed t o  have modest g a i n s .  
t a ~ t  parameter  here i s  t h e  deg ree  o f  dependence on wall  a t t r a c t i o n .  

lower t h e  ga in  of an element, t he  less need be the  dependence on wall e f f e c t s .  

F o r  a f low ga in  of  u n i t y  with a p re s su re  g a i n  o f  2 i t  seems t h a t  wa l l  e f f e c t s  
become unnecessary .  Under t h e s e  cond i t ions  an element switches i n  a time 

compat ib le  w i t h  t he  molecular  t r a n s p o r t  time of t h e  f l u i d  t r a v e l l i n g  from 

the power nozz le  t o  t h e  r e c e i v e r .  

can be i n  the o r d e r  o f  ten microseconds.  

Experiments have shown t h a t  m u l t i -  

The impor- 

The 

C a l c u l a t i o n s  have shown t h a t  these times 
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3-12. PROPOSED EMPIRICAL RELATIONSHIPS 

1, Minimum Reynolds number 

(N-1) bi ci -d 
R = K.a F G (1tH i, i i  

Where 

(1) 

R is the minimum Reynolds number 

K. a. b. c .  d. positive empirical constants i i i i i  

suffix i refers to the class of element 

i = l  laminar flow device 
i = 2  

i = 3  turbulent flow device, for example, the early 

device operating in both turbulent and laminar 
regions, for example, the turbulence amplifier 

DOFL-type flip-flop 

N is the number of stable states 

F is the flow gain 

G is the pressure gain 

H is the aspect ratio of the power nozzle 

The Reynolds number is based on the definition $ where v is the mean 
velocity of the fluid issuing from the power nozzle, d is the width of the 
power nozzle, and u is the kinematic viscosity of  the fluid. 

2 .  Sensitivity to Variations in Geometry 

di S = CiR 

where 

S is the sensitivity to geometric variations, and 

C.  and di are empirical constants. 
1 
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The sensitivity S is defined as $ where h is the minimum distance the most 
sensitive portion of the element can move from one extreme to the other while 
maintaining satisfactory performance and d is the power nozzle width. 

3. Minimum Switching Time 

e t = .e, ;(l+CiR i, ( 3 )  

where 

t is the minimum switching time 

Ci and ei are positive empirical constants 

is the distance from the power nozzle to the receiver 

v is the mean velocity of the fluid issuing from the nozzle 

3-13. DETERMINATION OF MINIMUM POWER REQUIRED PER ELEMENT 

Once the requirements of switching time have been net it is possible to 
obtain the power requirement by use o f  the theoretical relationship 

P = PQ 

where P is the power, p the total gauge pressure at the supply nozzle, and 
Q the rate of discharge. 

Now discharge rate = nozzle area x mean velocity at nozzle exit 

2 = d Hv 

Therefore, P 

( 4 )  

3-14. DESIGNING A FLUID SYSTEM 

We are now in a position to lay down the rules for designing a digital 
fluid system. First, it appears from the empirical formulae that elements 
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with the least possible gain and the least number of stable states should 
be used. In the absence of experimentally obtained values for the empirical 
constants it is necessary to determine experimentally the lowest permissible 
Reynolds number for a low gain device. At the same time it is possible to 
carry out a logical design study employing the element to be used in the sys- 
tem and hence to obtain the maximum permissible switching time, In order to 
determine the size of the element that is necessary for achieving the speci- 
fied switching time at the lowest permissible Reynolds number, it i s  necessary 
to express the switching time of the element as a function of the fluid 
velocity and the nozzle width. This may be done by obtaining the switching 
speed of the experimental element by measuring the frequency of an oscilla- 
tor built from a number of such elements and then obtaining the Strouhal 
number S in the formula. 

s = -  Tv 
d 

Where 

T is the switching time 

v is the supply nozzle velocity 

d is the supply nozzle width 

Thus, knowing that the minimum Reynolds number R is given by 

vd R = -  
U 

we may determine the values of v and d by solving equations ( 5 )  and ( 6 )  

simultaneously: 

Let T1 be the required switching time, then 

S V (-) = - 
d T1 

(Ru) = vd 

3-0 

(6)  

(7) 

( 8 )  
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t h e r e f o r e  

t h e r e f o r e  (10) 

Equat ion (10) g i v e s  t h e  maximum nozz le  w i d t h  c o n s i s t e n t  w i t h  m i n i m u m  

power and t h e  r e q u i r e d  swi t ch ing  t ime,  

t o o  l a r g e  it i s  p e r m i s s i b l e  t o  reduce t h e  s i z e  of the e lement ;  however, t h i s  

w i l l  resul t  i n  an u n n e c e s s a r i l y  f a s t  e lement .  

If  t h e  r e s u l t i n g  nozz le  width i s  

Let u s  assume t h a t  t h e  nozz le  width d i s  t o o  l a r g e  f o r  t h e  s i z e  l i m i t a -  

t i o n s  of t h e  system being  des igned .  

z l e  width i s  d ;  t h e n  f o r  Reynolds number t o  remain c o n s t a n t ,  we have 

We s h a l l  assume t h a t  t h e  r e q u i r e d  noz- 

R = -  Vl'dl 
u 

t h e r e f o r e  

d v = v.- 
1 d l  

The new t o t a l  gauge p1 i s  given by 

1 2  
P1 = T P V 1  

2 = p ( v . - )  1 d 

dl  

2 d 

1 
PI = P 

3-9 

(11) 

i 121 



Therefore, the new power required for the smaller element is’given by 

d P = - P  
dl 

Thus, the power required varies inversely with the size of  the elements, s o  
that to achieve minimum power it is necessary t o  use the largest nozzle con- 
sistent with the longest permissible switching time. 

So far we have assumed that the fluid used was to be of  specified vis- 
cosity and density. Let us now assume that the density of the fluid, varies 
in proportion t o  the absolute pressure, while the viscosity remains sensibly 
constant. 

Let the new density be p2; then from equation (10) the new nozzle width 
d is given by 2 

- pz 
- - pT 

d2 - s 

p2s 

= a d  
p 2  

3- 10 

> 

3 

P 
P = dl 1 

3 
= dl 

therefore 

(13) 

(14) 



Thus, the size of the element varies inversely as the square root of 
the density. 
which uses air showed that the required nozzle width was too small to be 
practical, then larger elements could be used with air as the working fluid; 
however, to keep the power required to a minimum, it would be necessary to 
reduce the ambient pressure. 

It therefore follows that if calculations for a fluid system 

This would necessitate a sealed system. 

The use of sealed systems has other advantages besides permitting Op- 
eration at reduced pressures: 

1. Sealed systems are impervious to atmospheric variations. 

2. They permit the use of a variety of gasses and liquids, depending 
on the specified requirements. 

3.  They permit a high degree of purity and freedom from particles in 
the working fluid. 

We shall now determine what parameter governs the choice of an ideal 
working fluid when the switching time is specified and minimum power is to 
be used. 
nozzle size, the fluid density, and the power supply differential pressure: 

Equation ( 4 )  gives the power required by an element in terms of 

Now p = $v2 but from equations (7) and ( 8 )  

therefore 

1 SRU p = -p(--) 
T1 
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also from equations (7) and (8) 

therefore the power may be expressed as 

P 

where K is a constant. 

Thus, the ideal fluid is one for which the product u3p2 is least. We 
may nondimensionalize this value by comparing fluids with air 

u3" 

"a 'a 
Specific dynamic viscosity = 

where u 

of air. 
and pa are, respectively, the kinematic and absolute viscosities a 

3-15. THE EFFECT OF SONIC PROPAGATION VELOCITY 

If the switching time of an element is long compared with the time 
taken for a sonic pulse to travel along the interconnecting passages, then 
incompressible theory may be used to determine the impedance of the fluid 
in each passage by treating the impedance as a lumped mass. On the other 
hand, if the switching time is short then lumped parameters can no longer 
be used, and all interconnecting passages must be properly impedance-matched 
in order to avoid the danger of unwanted transients. 
itself, and no attempt will be made to cover it in this report. 

This is a study in 
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SECTION 4 

LOGIC AND ALGEBRA STUDIES 

The limitations of a multistate fluid logic element have placed emphasis 
on the fundamental nature of binary logic. Even the three-state memory ele- 
ment operates only on binary signals, and there seems little point in develop- 
ing algebra for which no fluid logic elements exist. 
fine ourselves to logic studies based only on those multistate fluid logic 
elements which showed reasonable promise. 

We shall therefore con- 

4-1. DESCRIPTION OF THREE MULTISTATE ELEMENTS 

1. The Tristable Memory Element 

Figure 4-1 shows the tristable memory element, which has the following 
characteristics. There is no output unless the power input Ci is present. 

t 
A out 

Cout cinF Bout 

282-11 
Ai!? 

Figure 4-1. Three-State 
Memory Element 

If Ci is present, the output is a function of the deflecting inputs Ai and 

Bi. 
present; therefore, A .  and Bi must be mutually exclusive. 
time t may be expressed by the following equations: 

The outputs are undefined for the case when both deflecting signals are 
The outputs at a 

1 
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1 

t-1 A. = Ci [Co Ai Bi + t t t-1 t-1 t-1 

1 
t-1 t O t - 1  Bi t-1 Ai t-1 + Bo Bo = Ci [C 

t 

tq-1 
-- 

CC 
O t  t t-1 t-1 O t - 1  t-1 Bi C = Ci Ai 

To change t h e  s t a t e  o f  t h e  e lement ,  i t  i s  necessary  t o  d r i v e  Ci o f f  momen- 

t a r i l y .  When t h e  power comes back on ,  i t  w i l l  g i v e  o u t p u t  Co u n l e s s  Ai o r  
B. i s  p r e s e n t .  
o r  Bo s t a t e  by a p p l y i n g  an Ai  o r  Bi c o n t r o l  p u l s e  w i t h o u t  t u r n i n g  o f f  Ci .  

One can ,  however, s w i t c h  from t h e  Co s t a t e  t o  e i t h e r  t h e  A. 
1 

2.  The 2-3 Element 

The 2-3 g a t e ,  which  i s  i l l u s t r a t e d  i n  F i g u r e  4-2, i s  a two-input,  t h r e e -  

o u t p u t  p a s s i v e  element .  It  performs t h e  l o g i c  f u n c t i o n  o f  t h e  t h r e e  conven- 

t i o n a l  p a s s i v e  AND g a t e s  shown i n  F i g u r e  4-3. Although t h i s  e lement  i s  no 

B A B  
282-!2 

F i g u r e  4-2. Two-Input, 
Three-Output (2-3) P a s s i v e  Element 

B d  282-13 

Figure 4-3. P a s s i v e  AND Gates  
E q u i v a l e n t  t o  a 2-3 Element 
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f a s t e r  t han  t h e  two-input g a t e ,  i t  has t h e  f o l l o w i n g  advan tages ,  where ap- 
p l i c a b l e  : 

A .  Reduces t h e  number o f  e lements  needed 

B. Lowers t h e  power requi rements  of the d r i v i n g  e l emen t s  

3 .  The 3-5 Element 

F igu re  4-4 shows t h e  th ree - inpu t ,  f i ve -ou tpu t  p a s s i v e  element. The 

c e n t e r  ou tpu t  produces an ambiguous s i g n a l  and w i l l  no t  be cons ide red  here. 

F i g u r e  4-4. Three- Input ,  Five-  
Output 3-5 P a s s i v e  Element 

L o g i c a l l y ,  t h e  3-5 element performs t h e  same f u n c t i o n  a s  t h e  4 t h ree - inpu t  

p a s s i v e  AND g a t e s  shown i n  F i g u r e  4-5. For three b i n a r y  i n p u t s  there a r e  

A- 

A- 

282-15 

Figure  4-5. P a s s i v e  AND Gates  
Equivalent  t o  a 3-5 Element 
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e i g h t  p o s s i b l e  combina t ions .  Using conven t iona l  c i r c u i t s ,  8 th ree - inpu t  

g a t e s  would be needed t o  decode t h r e e  b i n a r y  b i t s .  Since t h e  3-5 element 
r e p l a c e s  f o u r  conven t iona l  g a t e s ,  i t  w i l l  be shown t h a t  two such elements 
are needed t o  comple te ly  decode t h r e e  b i n a r y  b i t s .  

4-2. SOME APPLICATIONS OF MULTISTATE ELEMENTS 

1. The Queueinq Register 

T h i s  r e g i s t e r  i nvo lves  t h e  use o f  t h e  t h r e e - s t a t e  memory e lement .  One 

of  t h e  f u n c t i o n s  of  t h e  queueing r e g i s t e r  i s  t o  accep t  i n fo rma t ion  p resen ted  

t o  i t  s e r i a l l y  and t o  s t o r e  t h e  in fo rma t ion  s o  t h a t  i t  may be read  e i t h e r  

p a r a l l e l y  o r  s e r i a l l y .  
from i t s  output  e n d  one b i t  a t  a t ime, 

end a s  each b i t  o f  i n fo rma t ion  i s  r e a d ,  and t h e  whole word d rops  one p l a c e .  

T h i s  procedure con t inues  u n t i l  t h e  l a s t  b i t  i n  t h e  word has  been read and 

t h e  r e g i s t e r  i s  l e f t  empty, A new word may t h e n  be r ead  i n  s e r i a l l y .  As 
each b i t  i s  presented  t o  the  inpu t  end o f  t h e  r e g i s t e r ,  i t  "drops" t o  t h e  

l a s t  empty space nearest t h e  ou tpu t  end ,  and t h u s  t h e  o r d e r  of t h e  b i t s  i s  
main ta ined .  

t ube .  

When be ing  r ead  s e r i a l l y  t h e  i n fo rma t ion  i s  unloaded 

A s h i f t  s i g n a l  i s  a p p l i e d  a t  t h i s  

For t h i s  reason  the queueing register i s  sometimes c a l l e d  a b i t  

The requi rements  f o r  a queueing r e g i s t e r  a r e  a s  fo l lows :  

A .  A s t o r a g e  element capable  of h o l d i n g  and t r a n s m i t t i n g  d a t a .  

B. Control  l o g i c  f o r  each c e l l  t o  i n d i c a t e  i t s  s t a t u s ,  t h a t  i s ,  f u l l  
o r  empty, 

The queueing r e g i s t e r  i s  not  c o n t r o l l e d  by a sp rocke t  o r  s h i f t  pu l se .  I t  

can be loaded a t  a r a t e  determined on ly  by t h e  s w i t c h i n g  time of  t h e  com- 

ponents .  Control  f o r  t h i s  r e g i s t e r  i s  achieved  by means of  a t h i r d  s t a t e  

f o r  each s to rage  element, t h a t  i s ,  besides a b i n a r y  one s t a t e  and a b i n a r y  

z e r o  s t a t e ,  each s t o r a g e  element must  appear  t o  be i n  an empty o r  no d a t a  

s t a t e  be fo re  it  has  r e c e i v e d  d a t a  o r  a f t e r  i t  has  t r a n s m i t t e d  d a t a .  

A block  diagram of  two ce l l s  i n  a queueing r e g i s t e r  i s  shown i n  F i g u r e  

4-6. Each c e l l  comprises  an inpu t  s t a g e  and an ou tpu t  s t a g e ,  where each 

s t a g e  has  t h r e e  i n p u t s  and three o u t p u t s .  

o p e r a t i o n  of  b o t h  t h e  i npu t  and ou tpu t  s t a g e s  are  i d e n t i c a l .  

shows a s i n g l e  s t a g e  of a queueing r e g i s t e r .  
s i g n i f y  t h e  fo l lowing:  

The l o g i c a l  ru les  govern ing  the 
F igure  4-7 

The i n p u t  and ou tpu t  s i g n a l s  
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Ri when on 0 when on 
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F i g u r e  4-6. Two Cells of  a Queueing R e g i s t e r  

282- ( 7  

Figure  4-7. S i n g l e  S t a g e  of 
a Queueing R e g i s t e r  

The l o g i c a l  rules governing the r e l a t i o n s h i p  between t h e  i n p u t s  and 

t h e  o u t p u t s  of  each s t a g e  a r e  a s  fo l lows:  

A .  Only one ou tpu t  can be ON a t  a g iven  i n s t a n t .  

B. One of  t h e  three o u t p u t s  m u s t  always be O N .  

C. If the i n p u t  s i g n a l  R i  i s  ON t h e n  any one of t he  o u t p u t  s i g n a l s  can 
be ON, depending on t h e  prev ious  c o n d i t i o n  of  the o t h e r  two i n p u t  
s i g n a l s .  

D. If R i  i s  t u r n e d  ON w h i l e  both A i  and B i  i n p u t s  a r e  OFF, then  Ro 
w i l l  s t a y  ON. 
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E. A pulse applied to the Ai input while Ro is ON will turn on the A. 
output and simultaneously turn OFF Ro. 
to the Bi input while Ro is ON will turn on the Bo output and sim- 
ultaneously turn OFF Ro. 

If Ri is turned ON while the Ai input is ON, the A, output will im- 
mediately turn ON and R o  will turn OFF. 

I f  Ri is OFF then Ro will be ON irrespective of the condition of 
inputs Ai and Bi. 

If Ro is OFF the state of the outputs A0 and Bo cannot be changed 
by means of signals applied to either input Ai or Bi; the state of 
A, and Bo can only be changed by pulsing OFF Ri. 

Similarly a pulse applied 

F. 

G. 

H. 

These rules may be'expressed by means of the following formulae: 

A = Ri [Ai Bo t Ai Ri 1 
Ot t t t-1 t-1 t-1 

B = Ri [Bi A. t Bi Ri 1 
Ot t t t-1 t-1 t-1 

- -- 
R = Ri t Ro [Ai Bi t Ai Bi 1 

t-1 t t  t t  Ot t 

In specific design situations which make use of conventional elements, 
it is usually cheaper to control a register by means of clock pulses than 
to add a third state to each cell. This is not the case in fluid circuits, 
however. The tristate element is no more expensive than a flip-flop, and 
the basic cell of a queueing register is no more expensive than that of a 
shift register which employs a clock to synchronize the shifting of bits. 

Two cells of an asynchronous queueing register are shown in detail in 
Figure 4-8. Each cell requires two stages: an input stage 1 to receive 
data from the preceding output cell and an output stage O0 2 to transmit data 
t o  the following cell. For a cell to be able to receive data, its output 
stage must be empty; this means that both the 1 and 0 outputs must be OFF. 
Then its output amplifier @is ON and supplies power to the input stage 0. When the input stage is activated, it will switch to its 1 or 0 state 
only if the preceding output stage is full, that is, either the 1 or the 0 
output of cell 1 is high. Figure 4-9 shows a segment of  an actual queueing 
register circuit. 
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CELL 1 I CELL 2 I 
I I I I 

F i g u r e  4-8. Two Cells of A Queueing R e g i s t e r  Using F l u i d  Elements 

The fo l lowing  example w i l l  i l l u s t r a t e  t h e  o p e r a t i o n  o f  t h e  queueing 

r e g i s t e r :  The reg is te r  i s  i n i t i a l l y  empty, both 1 and 0 o u t p u t s  be ing  OFF. 

When no d a t a  a r e  p re sen ted  t o  t h e  input  s t a g e ,  l i nes  D and E remain OFF. 

When e i t h e r  D o r  6 i s  pulsed  the i n p u t  s t a g e  @ of c e l l  1 i s  swi tched .  The 
n 

o u t p u t  s t a g e  of c e l l  1 w i l l  now be swi tched .  When one of the  ou tpu t  

l ines of  c e l l  1 t u r n s  ON,  i t s  output  a m p l i f i e r  @ w i l l  t u r n  OFF and t h e r e b y  
d e a c t i v a t e  t h e  i n p u t  s t a g e .  Next, the inpu t  stage of  c e l l  2 i s  swi tched .  

T h i s  t u r n s  OFF i t s  ou tpu t  a m p l i f i e r  @ a n d  t h u s  d e a c t i v a t e s  t h e  ce l l  1 ou t -  
n . S i n c e  t h e  ou tpu t  s t a g e  of  c e l l  1 i s  now empty, i t s  ou tpu t  

a m p l i f i e r  3 w i l l  t u r n  ON and a l low t h e  i n p u t  s t a g e  t o  r e c e i v e  d a t a .  When 

t h e  ou tpu t  o f  c e l l  2 i s  swi tched ,  i t s  inpu t  s t a g e  w i l l  be tu rned  OFF. T h i s  

w i l l  a c t i v a t e  t h e  o u t p u t  s t a g e  of c e l l  1. 

t h e  o u t p u t  s t a g e  o f  c e l l  2 ,  which i s  now f u l l  and can r e c e i v e  no more d a t a  

put stage 8 
A b i t  of d a t a  h a s  been s h i f t e d  t o  

u n t i l  emptied by means o f  a s h i f t  pulse a p p l i e d  a t  . Cell 1 i s  r eady  t o  0 
r e c e i v e  d a t a  and w i l l  s t o r e  t h e  d a t a  u n t i i  c e l l  2 has been eiiipiied. In 
t h i s  manner, t h e  d a t a  " fa l l s"  t o  the l a s t  empty ce l l  i n  t h e  r e g i s t e r .  As 

t h e  d a t a  are t aken  from t h e  ou tpu t  c e l l ,  t h e  queue of  b i t s  moves up one c e l l  
a t  a time u n t i l  a l l  t h e  d a t a  have been used and t h e  reg is te r  i s  empty aga in .  
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2. The Full Adder 

A. Using the 2-3 Element 

Figure 4-10 shows a full adder circuit designed with conventional 
AND gates and amplifiers. 
two binary bits A and B. 

The first stage of the adder forms the sum S1 of 
A third input Cin is then added to this output tO 

Figure 4-10. Full Adder Circuit Using Conventional Elements 

form the final sum S2. The logical functions may be expressed as follows: 

= A * B  + S .C Gout 1 in 

is the carry to the next higher bit position. Both polarities of Cout Gout 
are generated, since they will be needed to form the sum and carry of the 
next stage. 
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Figure 4-11 is a diagram of a full adder using the 2-3 gate, Figure 
4-12 shows the actual full adder in which the 3-5 elements, discussed under 
2B below, are used as 2-3 elements. 
time as the conventional adder. However, only one polarity of C is 
needed. Also the 2-3 adder uses four less elements per stage than the con- 
ventional adder. The input drive requirements are less by a factor of one- 
third. 

This adder produces the sum in the same 

out 

Figure 4-11. Diagram of a Full Adder Circuit With 2-3 Elements 

B. Using the 3-5 Element 

Figure 4-13 is a diagram of a full adder which uses the 3-5 gate 
and conventional NOR elements. 
which the 3-5 elements are used. 
are required. 
ure 4-15, nine elements and 18 input drives are needed. There is also a 
speed advantage, since a level of NOR elements is replaced by the faster 
3-5 passive elements. 
or selection logic. 
of three inputs is required. 

Figure 4-14 shows the actual full adder in 
Only four elements and six input drives 

If only conventional NOR elements are used, as shown in Fig- 

The 3-5 element also has applications in addressing 
It is useful whenever more than one logical function 

Up to this point it has been assumed that NOR gates would be used in 
gating the outputs from the multistate elements. 
one of two available output legs and is therefore much more wasteful Of 
available output signals than it need be. 
power of multistate logic elements it was necessary to develop a dual-output 
amplifier. 

The NOR gate uses only 

In order t o  demonstrate the full 

With this element it was possible to simplify the design of the 
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Figure 4-13. Diagram of a Full 
Adder With 3-5 Gates 

full adder shown in Figure 4-11 so  that it would appear as shown in Figure 
4-16. 

Extensive use of this adder has been made in the design o f  the demon- 
stration arithmetic unit, which will be described in Appendix A. 

3. The Flip-Flop 

A flip-flop has been designed by use of the two-output inverter/amplifier 
and a 2-3 element. The design of this element is shown in Figure 4-17a. For 
purposes of comparison a conventional fluid flip-flop is shown in Figure 4-17b. 
When only one of the inputs is pulsed the mode of operation of the two ele- 
ments is identical. 
shown in Figure 4-17b behaves unpredictably, whereas the flip-flop shown in 
Figure 4-17a has a predictable output state. 

However, if both Ai and Bi are held o n ,  the flip-flop 

The operation of the new flip-flop is as follows: Element @ is a two- 
input amplifier/inverter which can be held in the Bo state by means Of a 
continuous pressure signal applied at either of its two inputs. 
a continuous pressure is applied at B 
Bo irrespective of the state of A , The 2-3 multioutput element @) permits 
the output Bo to feed back to one of the inputs of amplifier/inverter 
provided Ai is off, s o  that the Bo state can be maintained by pulsing Bi 
only. 
B. is present, 
conventional amplifier/inverter whose state depends on Bi only. 

Thus, when 
the output flow will always be from i 

0 i 
, 

A pulse applied t o  Ai will restore the output to A. unless a signal 
If input Ai is held on then the flip-flop behaves as a 

1 
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Figure 4-16. Full Adder Using Dual-Output 
Amplifier and 2-3 Elements 
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Figure 4-17. Two Different Flip-Flops 

The outputs at a time t for the two types of flip-flop may be expressed 
by the following equations: 

Flip-flop (Figure 4-17a) 

A. = Bi [Ao + Ai 1 
t t t-1 t 

- 
Bo = Ai B + Bi 
t t Ot-1 t 

with no input restrictions. 

Flip-flop (Figure 4-17b) 

- 
A = Bi LAo + A i  1 
Ot t t-1 t 

- 
Bo = Ai [Bo + Bi 1 

t t-1 t t 

(16) 

(17) 

(18) 

(19) 

subject to the input restriction: 

Ai Bi = 0 
t t  

It will be noted that the Bot output @ for the flip-flop shown in Figure 
- 

4-17a may be obtained simply by removing the parentheses from equation (19). 
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4 -3. ASYNCHRONOUS LOG1 C 

Asynchronous logic is comprised of a multiplicity of partially inde- 
The mechanization of the subnets pendent yet interrelated logic subnets. 

may utilize self-clocking or a combination of self-clocking and a reference 
clock. 
time-interdependent only during the interchange of data resulting from com- 
pleted macro-operations but need not have a common timing reference in per- 
forming their particular micro-operations. 
complexity there exists hierarchies of asynchronism. 
discussion, however, is to discuss, on the microscopic scale, the self- 
clocked logic which forms the keystone of the asynchronous system. 

The essential distinction is made by the fact that the subnets are 

With a system of logic of any 
The purpose of this 

In logic nets employing a reference clock the time for execution of a 
micro-operation is rigidly fixed by the clock interval. The absolute re- 
sponse time of any given logic net is in general dependent on the content 
of the data upon which it is acting, but the reference clock must provide 
an interval greater than the worst-case maximum of any net which it is con- 
trolling. In contrast, the response time of a self-clocked net is limited 
only by its own speed and that of the other nets from which it is receiving 
data or to which it is transferring data. The self-clock elements are thus 
synchronized during, and in actuality, by the exchange of data. 

The most basic self-clocked net must be capable of: 

1. Indicating a ready or a busy condition as regards communication 
with an associate element to receive new data and providing acknow- 
ledgement to the transmitting element when data have been received. 

2 .  Storing a result until conditions permit its transfer into an asso- 
ciate element. 

3.  Transferring a result in response to a ready condition in a receiv- 
ing element and then clearing itself to the ready condition upon 
acknowledgement by the receiving element. 

It can be seen from this that a self-clocked element handling binary data 
must be a ternary element capable of recognizing and indicating three states: 
1, 0 ,  and nil. 

4-4. THE BIQUINARY SYSTEM 

Many ways exist for representing numbers. Earliest man recorded numbers 
by drawing a set of strokes, making notches on a stick, or using pebbles; 
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t 

t h e  number of s t r o k e s ,  no tches ,  o r  pebbles used cor responded t o  the number 'I 

The Sumerians used on ly  a f i n i t e  number of  d i f f e r e n t  symbols t o  r e p r e -  

sent any number, but  t h e  v a l u e  of a symbol depended on i t s  p o s i t i o n  i n  t h e  

number i n  a c l e a r  and s imple  fash ion .  Thus,  t h e  c o l l e c t i o n  o f  symbols [ 5 ,  
2 6 ,  31 i n  Sumerian n o t a t i o n  meant 5 X 60 + 6 X 60 + 3 ( w h i c h  e q u a l s  18,363 

i n  o u r  n o t a t i o n ) .  

j u s t  as we use t h e  base  10. 

a s  a base  ( t h e  l a r g e  number o f  f a c t o r s  perhaps?)  but  i t  i s  i n t e r e s t i n g  t o  

n o t e  t h e  s l i g h t  s u r v i v a l  o f  t h i s  base i n  ou r  measurement o f  time and i n  t h e  

d i v i s i o n  of  t h e  c i r c l e .  

I 
I 
I 
I 

I n  o t h e r  words, t h e  Sumerians were u s i n g  t h e  base 60, 

O n e  can on ly  s p e c u l a t e  a s  t o  why t h e y  chose 60 

Any integer may be used as a base,  o r ,  as i t  i s  more p rope r ly  c a l l e d ,  

r a d i x ,  i n  a p o s i t i o n a l  system, and we commonly use t h e  r a d i x  10 and t h u s  re- 

q u i r e  symbols f o r  t h e  numbers 0 through 9. I n  t h e  dec imal  system 4643 means 

4 X lo3 + 6 X lo2 + 4 X lo1 + 3 X 10 . 
f e r e n t  va lues ,  depending on i t s  pos i t i on .  As stated b e f o r e ,  any o t h e r  i n t e -  
ger could  be used f o r  t h e  rad ix ,  and t h e  v a l u e  o f  a number expressed  t o  t h e  

r a d i x  r i s  given by 

I 
I 
I 

0 Note t h a t  t h e  symbol 4 has two d i f -  

N = c a . r J  
j J 

w h e r e  t h e  c o e f f i c i e n t  - a may range  from 0 t o  r-1. 

i n  s c i e n t i f i c  work, and i n  t h i s  case t h e  c o e f f i c i e n t  3 can on ly  have t h e  

v a l u e s  0 and 1. 

The r a d i x  2 i s  o f t e n  used I 
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What i s  not wide ly  r e a l i z e d  i s  t h a t  numbers can a l s o  be r e p r e s e n t e d  i n  

a mixed r a d i x  system, where d i f f e r e n t  p o s i t i o n s  use d i f f e r e n t  r a d i c e s ,  pro- 

v ided  c e r t a i n  simple rules  a r e  fo l lowed.  I n  a mixed r a d i x  system we could 

say  

N = C a.w 
J J  j 

where w i s  t h e  w e i q h t  a s s o c i a t e d  w i t h  t h e  j t h  p o s i t i o n .  

tern w i l l  be compact (no gaps ,  t h a t  i s ,  every  number i s  e x p r e s s i b l e )  and 
unique (on ly  one r e p r e s e n t a t i o n  f o r  a g iven  number) i f  t h e  weight w of a 
g iven  p o s i t i o n  i s  g iven  by t h e  product  of  t h e  r a d i c e s  of  a l l  p o s i t i o n s  t o  
t h e  r i g h t  ( the c o e f f i c i e n t s  a o f  a g iven  p o s i t i o n  a r e  pe rmi t t ed  t o  range  

from 0 t o  r - 1, where r i s  t h e  r a d i x  o f  t h e  p o s i t i o n )  and i f  t h e  weight  
o f  t h e  f i r s t  or l e a s t  s i g n i f i c a n t  p o s i t i o n  i s  u n i t y .  As an example, i f  t h e  

r a d i c e s  of  a fou r -pos i t i on  number,  a a a a a r e ,  r e s p e c t i v e l y ,  r3, r 2 ,  r l ,  
r then  t h e  value of  t h e  number i s  

A mixed r a d i x  sys-  
j 

j 

j 

j j 

3 2 1 0 '  

0' 

N = a  r r r + a  r r + a  r + a o  3 2 1 0  2 1 0  1 0  

w i t h  the unders tanding  t h a t  

a3 l i e s  between 0 and r3 - 1 

a2 l i e s  between 0 and r2 - 1 

a l  l i e s  between 0 and r1 - 1 

a l i e s  between 0 and ro - 1 0 

Note c a r e f u l l y  t h a t  i f  t h e  r a d i x e s  a r e  a l l  i d e n t i c a l  ( r )  t h e  above expres- 
s i o n  f o r  N becomes s imply a3r 
v i o u s l y  f o r  a f ixed  r a d i x  system. 

3 2 + a 2 r  + a l r  + ao, t h e  same a s  was given pre-  

One p a r t i c u l a r  mixed r a d i x  system i s  of some importance i n  computer 

work: 

p o s i t i o n  the r ad ices  a r e ,  ... 5 ,  2 ,  5 ,  2 ,  5 .  I n  t h i s  system t h e  n a t u r a l  
numbers a r e :  

t h i s  i s  t h e  b i q u i n a r y  system. S t a r t i n g  w i t h  the least  s i g n i f i c a n t  
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0 = 00 
1 = 01 
2 = 02 
3 = 03 
4 = 04 
5 = 10 
6 = 11 
7 = 12 
8 = 13 
9 = 14 

10 = 100 
11 = 101 
12 = 102 
13 = 103 
14 = 104 
15 = 110 
16 = 111 
17 = 112 
18 = 113 
19 = 114 

21 would be 201; 45 would be 410; 57 would be 1012; 97 would be 1412. The 

we igh t s  o f  t h e  r e s p e c t i v e  p o s i t i o n s  are  o f  cour se  1, 5 ,  10, 50, ..., . 
Note from t h e  t a b l e  t h a t  t h e  "quinary" p a r t  of  4 i s  t h e  same a s  t h e  

"quinary" p a r t  of  9, t h a t  4 + 4 = 8 and 9 + 9 = 18, and t h a t  both t h e s e  

numbers are e q u i v a l e n t  w i t h  r e s p e c t  t o  modulo 5 .  
t h e  b i q u i n a r y  system t h a t  makes i t  interest ing f o r  computer work. For  one 

t h i n g  convers ion  t o  and from the decimal system becomes ve ry  s imple ;  f o r  

a n o t h e r ,  a method of  a d d i t i o n ,  sometimes ca l led  " func t ion  tab le"  a d d i t i o n ,  

which has  some advantages  t o  be desc r ibed  i n  a moment, becomes r easonab le .  

I t  i s  t h i s  p rope r ty  of 

Computers which work i n  t h e  decimal system do so  by r e p r e s e n t i n g  each 

decimal d i g i t  by a group of b i n a r y  d i g i t s ,  o r  b i t s .  

most impor tan t  o p e r a t i o n s  i n  a computer, and i n  a "decimal" computer each 
group of  b i t s  r e p r e s e n t i n g  a decimal d i g i t  i s  sent t o  an adde r  network 

e i ther  s e r i a l l y ,  group by group, t o  one adde r ,  o r  i n  p a r a l l e l  t o  many adde r s .  
The machine does no t  know t h a t  2 + 2 = 4 ;  i t  must f i g u r e  i t  o u t  each time. 
Adder  networks a r e  r e l a t i v e l y  complex and r e l a t i v e l y  slow. 

Add i t ion  i s  one of  t h e  

A human l e a r n s  i n  h i s  e a r l y  youth an a d d i t i o n  tab le  which c o n s i s t s  of  

a se t  of  10 by 10, o r  100, ent i res .  I n  adding ,  s ay ,  3 + 4 ,  the human need 

no t  d e r i v e  t h e  resul t  bu t  " looks i t  up" i n  h i s  memory. A machine could do 
t h e  same t h i n g ,  but. s t o r a g e  and a c q u i s i t i o n  problems involved  i n  a 100-entry 

t a b l e  a r e  not  t r i v i a l .  However, i f  numbers are r e p r e s e n t e d  i n  t h e  b iqu ina ry  

sys tem t h e  machine need on ly  s t o r e  a f ive-by-f ive  t a b l e  ( 2 5  en t r ies )  and a 

two-by-two t a b l e .  Thus,  the amount of  s t o r a g e  i s  reduced by a f a c t o r  of  

a lmost  4.  These two smal l  t a b l e s ,  p l u s  a few simple l o g i c  rules,  could en- 
a b l e  a machine t o  "look up" sums as a human does r a t h e r  t h a n  compute them.  

I n  some t y p e s  of computers,  depending upon t h e  machine phi losophy and l o g i c  

o r g a n i z a t i o n ,  t h i s  " func t ion  t a b l e "  a d d i t i o n  may be s p e e d i e r  t h a n  conven t iona l  

a d d i t i o n .  A n o t a b l e  example of  a machine us ing  both t h e  b iqu ina ry  system and 
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f u n c t i o n a l  t a b l e  a d d i t i o n  i s  the v e r y  s u c c e s s f u l  UNIVAC S o l i d  S t a t e  Computer. 

I t  i s  a l s o  i n t e r e s t i n g  t o  no te  t h a t  t h e  abacus ,  so widely and e f f i c i e n t l y  

used i n  the Or ien t ,  i s  a b iqu ina ry  d e v i c e .  
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SECTION 5 

A THEORETICAL FOUNDATION FOR FLUID LOGIC ELEMENTS 

5-1. TRENDS IN FLUID DIGITAL LOGIC 

At the start of these investigations it was expected that there would 
be optimizing criteria which would govern the fan-out and gain requirements 
for fluid elements. Our studies have shown that the optimum gain, fan-out, 
and number of stable states are "as low as possible." 
in mind let us explore a few of the logical design implications which would 
result from carrying this idea to its logical conclusion. 

With this criterion 

The minimum fan-out which can be used in building a digital system is 
two. If the element being designed has two output channels, then each of 
these channels need drive only one element. 
readily by allowing two control signals to interact, as in the 2-3 element 
and the 2-2 element, or by permitting two independent control jets t o  sup- 
ply flow to a common receiver, as in the OR gate. Thus, it appears that we 
have a family of at least three passive elements and one active element. 

Fan-in may be accomplished most 

In order to minimize both pressure gain and flow gain it is necessary 
to ensure that each passive element be driven by an active element. 

The elements shown in Figure 5-1 represent a group of  basic elements 
By ESP which would permit any digital log ic  function t.6 be accmplished. 

of only elements shown in Figure 5-la and 5-ld, it would be possible to de- 
sign any logic system by alternating the OR gate and the dual-output ampli- 
fier. 
while providing some effective fan-out. 
when cascading AND functions to provide a passive multiinput gate or to fan 
out rapidly when no intermediate logic is required. 
(c) may be used as a passive element when fanning in or as an active element 
when fanning out. 

The gate (b).is useful in performing AND and exclusive OR functions 
The 2-2 element (c) may be used 

Thus the 2-2 element 
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t 
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a. Or Gate b. 2-3 Element 

c. 2 -2  Element d. Dual -Output 
Amplifier 282-25 

Figure 5-1. Four Low-Gain Elements 

The numbers assigned to the inputs and outputs of these elements refer 
to the levels of pressure which should be supplied to the inputs and which 
will be available from the outputs. 
of pressure are used: Level 3 is the power supply level and is always pre- 
sent while the system is in operation, level 2 is the output from an active 
element, and level 1 is the output from a passive element. 

It will be noted that only three levels 

Figure 5-2 shows two applications for the 2-2 element. Figure 5-2a 
shows the element being used as a passive gate. 
to AND a number of inputs without the need for any power supplies. 
5-2b shows the element performing a simple fan-out function. 
one additional power supply is required for each added output. 

The object of this gate is 
Figure 

In this case 

Figure 5-3 shows three additional multistate elements which could be 
used to reduce complexity of the logical design for certain applications. 
For example ( a )  has been used as a turn-OFF element for the outputs of a 
flip-flop in the arithmetic unit, which is discussed in Appendix A. Figure 
5-3b may be used as a passive element for fan-in functions or as an active 
element for fan-out functions in a similar manner to that of Figure 5-lc. 
Figure 5-3c is primarily an amplifier and inverter. 
of the dual-output amplifier shown in Figure 5-ld 
advantages in some instances. 

It may be used in place 
and may offer logical 
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F i g u r e  5-2. Fan-In and Fan-Out C i r c u i t s  

a. 

! 

C.  

4 ( 2 )  

b 

202-27 

Figure  5-3. Three M u l t i s t a t e ,  
Non-Memory Logic Elements 

It should be noted  t h a t  none of these elements re l ies  on wa l l  lock-on 
E s s e n t i a l l y  t h e y  are a l l  momentum-type o r  j e t - r e a c t i o n - t y p e  ele- e f fec ts .  

ments and may t h e r e f o r e  be adapted f o r  use e i ther  a s  d i g i t a l  o r  a s  ana log  

elements. T h e i r  advantages  a r e  f a s t  r e sponse ,  s imple  d e s i g n ,  and e f f i c i e n c y  

o v e r  a wide range  o f  Reynolds numbers. 
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5-2. TRENDS IN FLUID ELEMENT DESIGN 

The three main requirements which digital fluid logic elements must 
satisfy are low power, high speed, and insensitivity to small geometric 
variations. Low power places a premium on low aspect ratio and demands 
that elements be capable of operating at low Reynolds numbers. 
demands that elements be extremely small and that phenomena which depend on 
the building up or breaking down of boundary layers or on the creation and 
destruction of laminar flow should not be used. 
metric variations makes it inadvisable to attempt to design high-gain devices 
which depend for their performance on the critical placement of walls or 
wedges. 

High speed 

Insensitivity to small geo- 

The only known element which does not depend on either walls or laminar 
breakdown yet has adequate gain for digital logic circuits is the reaction 
amplifier. 
trend toward elements employing the principles of control jet reaction. 

Attempts to improve fluid logic elements will probably show a 

Low Reynolds number operation and low-gain devices make desirable the 
use of multistate logic elements, such as those developed under this con- 
tract. The logical design rules for use with these elements require that 
each multistate element be both preceded and followed by a control jet re- 
action element. 

It might at first appear that the limited fan-in and fan-out capabili- 
ties of low-gain elements would result in much cascading of elements. 
though this is true, it should be remembered that an element is nothing more 
than a jet interaction region, and in an integrated package these regions 
can be packed extremely close together. 
result in some simplification of the logical design and will partially Off- 
set the need for cascading elements. 
gain elements might be that since more low-gain elements would be required 
for performing a specified logical function, more power would be needed by 
a circuit employing these elements than by a circuit employing high-gain 
elements. This objection is not valid because low-gain elements can be de- 
signed to function satisfactorily at much lower Reynolds numbers than high- 
gain elements. 
of the low-gain elements that opens the way to rapid advances in digital 
fluid logic systems. 

Al- 

Also the multistate elements will 

A further objection to the use Of low- 

Indeed, it is the extremely low Reynolds number operation 
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SECTION 6 

THE DESIGN PHILOSOPHY OF FLUID AMPLIFIERS 

6-1. THE WALL EFFECT 

A two-dimensional j e t  of f l u i d  d i r e c t e d  c l o s e  t o  a wa l l  w i l l  t end  t o  be 

drawn toward i t .  T h i s  phenomenon i s  c a l l e d  wall a t t r a c t i o n  and i s  t h e  b a s i c  

mechanism unde r ly ing  t h e  o p e r a t i o n  of t h e  f l i p - f l o p  developed by t h e  Harry 

Diamond L a b o r a t o r i e s .  The reason  f o r  the use  o f  a w a l l  was t o  i n c r e a s e  t h e  

ang le  through which t h e  power j e t  could be d e f l e c t e d  and t h u s  t o  improve t h e  
ga in .  

F i g u r e  6-la shows a power je t  be ing  a c t e d  on by a c o n t r o l  j e t .  The un- 

d e f l e c t e d  p o s i t i o n  o f  the j e t  c e n t e r l i n e  i s  shown by l i n e  A ,  and t h e  d e f l e c t e d  

p o s i t i o n  i s  shown by l i n e  B. 

F igu re  6- lb  shows t h e  same power j e t  be ing  ac t ed  on by t h e  combined ef-  
f e c t  of  t h e  c o n t r o l  j e t  and w a l l s  @ and 0. Wall @ a t t r a c t s  t h e  power 

n 
j e t  t o  t he  r i g h t  of  t h e  c e n t e r l i n e  when no s i g n a l  i s  p r e s e n t ,  wh i l e  w a l l w  
a t t r a c t s  t h e  power j e t  t o  t h e  lef t  when t h e  c o n t r o l  s i g n a l  i s  p r e s e n t .  It  

i s  c lear  t h a t  t h e  p re sence  of wa l l s  @ and @ can increase t h e  e f f e c t i v e -  

ness o f  t h e  c o n t r o l  j e t  by amplifying t h e  angu la r  d e f l e c t i o n  which would 

have been produced by t h e  c o n t r o l  j e t  i n  the absence of walls.  

F igu re  6-2a shows t h e  r e l a t i o n s h i p  between the angle  of  d e f l e c t i n n  of  8 
c o n s t a n t  power j e t  p l o t t e d  a g a i n s t  t h e  c o n t r o l  j e t  v e l o c i t y  when no walls 
are p r e s e n t ,  wh i l e  F i g u r e  6-2b shows t h e  r e l a t i o n s h i p  between t h e  same two 

v a r i a b l e s  a f t e r  w a l l s  have been added. We n o t e  t h a t  a d r a s t i c  change i n  the  
performance o f  the d e v i c e  resul ts  from t h e  a d d i t i o n  o f  t h e  w a l l s  and t h a t  

much g r e a t e r  d e f l e c t i o n s  can be r e a l i z e d  when walls a r e  provided .  

From the p o i n t  of  view of  s teady  s t a t e  performance i t  i s  c l e a r l y  an 
advantage  t o  use walls because g r e a t e r  c o n t r o l  j e t  e f f e c t i v e n e s s  can be 
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Figure 6-1. Two Methods of D e f l e c t i n g  a Power Jet 
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Figure 6 - 2 .  D e f l e c t i o n s  Produced by a C o n t r o l  J e t  

achieved by t h i s  means. 

t e r i s t i c s ,  t h e  p i c t u r e  i s  no t  so c l e a r .  

produces a phase d i f f e r e n c e  between an a l t e r n a t i n g  i n p u t  c o n t r o l  f l o w  and 
t h e  o u t p u t  d e f l e c t i o n  angle  a .  When t h e  phase a n g l e  becomes too  l a r g e  t h e  

power j e t  i s  unable t o  f o l l o w  t h e  c o n t r o l  j e t  and remains locked on one of 

t h e  two w a l l s ,  whereas w i t h  no w a l l s  t h e  power j e t  responds  t o  t h e  c o n t r o l  

I f  we now c o n s i d e r  t h e  frequency r e sponse  charac-  
The  h y s t e r e s i s  supp l i ed  by t h e  w a l l s  

6-2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



j e t  a t  a l l  p r a c t i c a l  f r e q u e n c i e s .  

ach ieve  ga in  results i n  a s lower  element; t h e r e f o r e ,  o t h e r  methods of ach iev -  

i n g  g r e a t e r  c o n t r o l  s i g n a l  e f f e c t i v e n e s s  should  be sough t .  

It appea r s  t h e n  t h a t  t h e  use of w a l l s  t o  

6-2. THE TURBULENCE AMPLIFICATION PRINCIPLE 

A l aminar  s t r eam t r a v e r s i n g  an open space  from a n o z z l e  t o  a r e c e i v e r  

can be broken down by means o f  an extremely sma l l  d i s t u r b a n c e .  

F i g u r e  6-3a shows a laminar  power s t r eam be ing  d i s c h a r g e d  from a n o z z l e  

@) i n t o  und i s tu rbed  a i r  and be ing  picked up by r e c e i v e r  @. Figure  6-3b 

shows how a c o n t r o l  s t r eam has broken down t h e  laminar  power s t r eam i n t o  a 

r a p i d l y  d i v e r g i n g  t u r b u l e n t  stream t h e  energy o f  w h i c h  has  been almost  

t o t a l l y  d i s s i p a t e d  a s  eddies  b e f o r e  r each ing  t h e  r e c e i v e r .  

capab le  of o p e r a t i n g  a s  an i n v e r t e r  w i t h  very  h igh  g a i n .  

T h i s  d e v i c e  i s  

a. b. 

F i g u r e  6-3. Breakdown of a Laminar Power 
Je t  by Means of a Con t ro l  Jet 

I f  a number of c o n t r o l  nozz le s  a r e  d i r e c t e d  toward t h e  base  of t h e  lami- 

n a r  power s t r eam we have a NOR g a t e  w i t h  complete i n p u t  and ou tpu t  i s o l a t i o n .  

Fan-in and fan-out c a p a b i l i t i e s  of a t  l e a s t  4 a r e  e a s i l y  o b t a i n e d ,  and f u r -  

t h e r  development o f ' t h e s e  p r i n c i p l e s  shows g r e a t  promise.  
speed  w i l l  be improved by m i n i a t u r i z a t i o n ,  these elements s u f f e r  from a 

b u i l t - i n  handicap.  To ensure adequate d i s s i p a t i o n  of t u r b u l e n t  energy i n  
t h e  power stream when t h e  c o n t r o l  s i g n a l  i s  a p p l i e d ,  t h e  d i s t a n c e  between 

t h e  power nozz le  and t h e  r e c e i v e r ,  expressed  i n  nozz le  d i a m e t e r s ,  must  be 

Although their  
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much larger than that for other types of fluid amplifiers. 
further difficulty: 
lent energy in the region of the receiver delays the recovery of laminar 
flow so that the turn-on time is almost an order of magnitude slower than 
the turn-off time. 

This leads to a 
When the control jet is turned off the existing turbu- 

6-3. CONTROL JET REACTION 

The conventional method of introducing a control signal is to convert 
slow-moving air at the control signal pressure p 
ambient pressure po and to allow the fast-moving control stream to impinge 
against the fast-moving power stream. 
power stream is deflected through an angle a, as shown in Figure 6-4a. 
more effective method of introducing a control signal is to allow the static 
pressure pc of the control signal to act on one side of the power jet and 
to permit some of the control air to accelerate along a path parallel to 
the power jet, as is shown in Figure 6-4b. 

to fast-moving air at the 
C 

Because momentum is conserved, the 
A 

4 \ \  I 

\ 

Po 
\ \ I  '---- 

a. b. 

Figure 6-4. Deflecting a Power Jet by 
Means of a Control Jet 

Based on principles to be discussed later on in this section, theoreti- 
cal analyses of both types of free jet amplifiers show satisfactory agree- 
ment with experimental results. 
greater deflection angles a are possible by using control jet reaction rather 

Both theory and experiment have shown that 
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than by using momentum exchange. In addition to this advantage less energy 
is destroyed as a result of the jet interaction. 

The UNIVAC inverter used the control jet reaction principle together 
with some wall attraction. The wall was necessary in order to obtain the 
fan-in and fan-out requirements, but it resulted in a speed penalty. 
is needed, therefore, is a device which does not depend on wall attraction 
but which has adequate gain for digital logic circuits. 

What 

6-4. THE NEED FOR A WORKABLE THEORY 

Any study whose aim is a recognizable product benefits when a set of 
rules and a working theory are established. Many studies, such as alchemy 
and astrology, were held back primarily because they appealed to authority 
rather than to scientific scrutiny, which demands that logic be demonstrated 
by means of a mathematical model. 

The most dramatic advances in science have been made in areas where 
theory is not only advanced but usable. 
of structures, the end product shows a preference for mathematical simpli- 
city, as typified by the suspension bridge rather than the statically inde- 
terminate structures of a bygone age. Even in aerodynamics, complex theory 
has been replaced by the simplifying approximations made necessary by an 
aesthetic demand for the mathematically obvious. 

In some fields, such as the theory 

At UNIVAC we have learned the importance of being able to calculate the 
performance of our fluid elements before building them. 

Work on company-sponsored projects and on contracts awarded by the Harry 
Diamond Laboratories2, the Sandia Corporation, and NASA has shown that without 
analytical tools, progress in developing fast fluid logic elements is likely 
to be slow. 
tations by use of more logically powerful fluid devices. 
multistate memory elements were even slower than conventional flip-flops and 
that multilevel elements were impractical. The only elements which showed 
real promise were those multistate logic elements which did not rely on wall 
attraction. Fortunately, these elements could be treated analytically by 
use of very basic fluid mechanics, and it was agreed that we should spend 
most of our time studying this type of element and the logic concepts in- 
vo lved . 

The NASA contract was aimed partly at overcoming the speed limi- 
Tests showed that 
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Mathematical  s tudies  have shown t h a t  it is p o s s i b l e  t o  p r e d i c t  the per-  

formance o f  a low-gain element whose speed i s  many times t h a t  of conven t iona l  

f l u i d  l o g i c  elements. 
good mathematical  models e x i s t  a r e  i n  g e n e r a l  t o  be p r e f e r r e d  t o  t h o s e  f o r  

which only  a v a s t  body of expe r imen ta l  d a t a  e x i s t s ,  UNIVAC proposes  t h a t  a 

s tudy  of t h e  r e a c t i o n  a m p l i f i e r  be c a r r i e d  o u t .  T h i s  element has  adequate  

ga in  f o r  d i g i t a l  l o g i c ,  and i t s  performance under s t e a d y  s t a t e  and t r a n s i e n t  

c o n d i t i o n s  appears completely p r e d i c t a b l e .  

ment f o r  which a mathematical  t heo ry  shows promise of be ing  both a c c u r a t e  

and p r a c t i c a l .  

I n  keeping  w i t h  ou r  b e l i e f  t h a t  elements f o r  which  

A t  p re sen t  it i s  t h e  only  ele- 

6-5. THE MOMENTUM EXCHANGE PRINCIPLE 

H i s t o r i c a l l y ,  the f i r s t  p r i n c i p l e  used i n  pu re  f l u i d  d e v i c e s  was t h e  

momentum exchange concept .  Here two free j e t s  were allowed t o  impinge 

a g a i n s t  each o t h e r ,  and t h e  r e s u l t a n t  f l ow was picked u p  by a r e c e i v e r  

placed a t  a s u i t a b l e  l o c a t i o n  downstream. 

F i g u r e  6-5 shows t h e  i n t e r a c t i o n  r eg ion  of a momentum exchange d e v i c e .  

We s h a l l  assume t h a t  both nozz le s  have e q u a l  a r e a s .  S ince  the j e t s  impinge 

i n  f r e e  space t h e  momentum before  and a f t e r  impingement i n  any g iven  d i r e c -  

t i o n  must  be c o n s t a n t .  

P 

282-32 -i+ 
Figure  6-5. I n t e r a c t i o n  of 

Two Free  Jets 
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Consider momentum in a vertical direction: 

momentum of power jet - - vertical component of momentum 
before impingement of combined jets after impingement 

Therefore, 

av = a(vstvc)vv 
S 

2 
V 
S v =  v v f V C  S 

Consider momentum in a horizontal direction: 

momentum of control jet - - horizontal component of momentum 
before impingement of combined jets after impingement 

Therefore, 

av = a(vstvc)vh 
C 

2 
V 
C v. = 

C 
n v + v  

S 

therefore, from equations (20) and (21) 

2 
tana = - - - 2 

V v L -  c 
vc v 

S 
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P 
- 2 P C  

- 2ps ps  
t a n a  - P , C  - 

P 

where p, = t h e  c o n t r o l  t o t a l  gauge p r e s s u r e  

where p, = t h e  supply t o t a l  gauge p r e s s u r e  

The l o s s  of energy due t o  impingement 

4 4 
vc 

I} = Lpa{vs +vc - (vs+vc)(  
2 ( V S + V C l 2  (vs+vc) 

V 

2 + S 

4 +.e> 4 
3 s  - 

vs  + vc  
= Ipa{vs3+vc 2 

4 3 3 4 4 4  + vc - vs -vc v + v v + vsvc 

v S + vc 
1 1 s c  

= Tpa{ 

ene rgy '  l o s t  
energy s u p p l i e d  The ratio: 

s c  ( v  s 2+v3 3 d  v S + vc 
- 1  -pa(v 3+vc 3 
- 

2 s  
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I 
This ratio approaches zero when either vs + 0 or vc + 0 and is a maximum 1 
when v = v when the ratio becomes: 

S C 

I 
1 

Thus, with equal nozzle areas the ratio of lost energy to energy supplied is 
half when the two interacting jets have equal velocities. 

I 
I 
I 

6-6. THE CONTROL JET REACTION PRINCIPLE 

We shall assume that the pressure pc acts on the side of the supply 
jet (see Figure 6-61 and that the momentum imparted by the control fluid is 
negligible. Let the other side of the jet be exposed to atmospheric pressure; 

I 
I 

It 'I 
I 
1 
I 

Figure 6-6. Deflection o f  a 
Power Jet Curtain 

equating inertia and pressure forces acting on an element of the supply jet 
and assuming unit depth, we have: I 

I Inertia force = Pressure force 

6-9 



t h e r e f o r e ,  

Mass X c e n t r i p e t a l  a c c e l e r a t i o n  = P r e s s u r e  X Area 

2 
V 

(pdlRbB)(-$-) = (pc) (Rbe)  

n 

where 

z 
PdlVs 

PC 
R =  

(22)  

R i s  t h e  mean r a d i u s  of c u r v a t u r e  of t h e  d e f l e c t e d  supply  j e t  

dl  i s  t h e  supp ly  j e t  

p i s  t h e  f l u i d  d e n s i t y  

v i s  t h e  supply  j e t  v e l o c i t y  
S 

The e f f e c t i v e  width o f  t h e  c o n t r o l  n o z z l e  i s  d2, a s  i s  shown i n  F i g u r e  
6-6. If t h i s  width i s  s p e c i f i e d  and pc i s  known, t h e  l e n g t h  -e and t h e  sup- 

p l y  je t  d e f l e c t i o n  a n g l e  a may be c a l c u l a t e d  by f i r s t  u s i n g  e q u a t i o n  ( 2 2 )  

t o  de te rmine  t h e  r a d i u s  of  c u r v a t u r e  o f  t h e  j e t  and t h e n  app ly ing  t h e  rules 
o f  e lementary t r i gonomet ry  t o  s p e c i f y  comple te ly  t h e  geometry of t h e  i n t e r -  

a c t i o n  reg ion .  

A comparison between a momentum exchange a m p l i f i e r  and a c o n t r o l  j e t  
r e a c t i o n  a m p l i f i e r  was made by use of t h e  f o l l o w i n g  i n p u t  s p e c i f i c a t i o n s :  

E f f e c t i v e  power nozz le  width = d l  

E f f e c t i v e  c o n t r o l  n o z z l e  wid th  d2 = d l  

Power supply  t o t a l  p r e s s u r e  

Con t ro l  i n p u t  t o t a l  p r e s s u r e  p 

- 
- ps 

= 0 . 5 ~ ~  
C 
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C a l c u l a t i o n s  showed t h a t  

= 26.5' D e f l e c t i o n  angle  a, u s i n g  a 
momentum exchange d e v i c e  

D e f l e c t i o n  angle  a c  u s i n g  a - - 35O c o n t r o l  r e a c t i o n  d e v i c e  

The r a t i o  ac/am f o r  a p r e s s u r e  g a i n  o f  2 i s ,  t h e r e f o r e ,  

-- 35 - 1.32 26.5 

T h e o r e t i c a l l y  t h e  r a t i o  ac/am i n c r e a s e s  r a p i d l y  as t h e  p r e s s u r e  g a i n  

i n c r e a s e s .  T h i s  means 

t h a t  f o r  h i g h e r  p r e s s u r e  g a i n s  c o n t r o l  j e t  r e a c t i o n  produces s e v e r a l  times 
t h e  d e f l e c t i o n  produced by momentum exchange. 

less energy  i s  des t royed  and, t h e r e f o r e ,  g r e a t e r  energy  i s  r e c o v e r a b l e  when 

t h e  c o n t r o l  j e t  r e a c t i o n  p r i n c i p l e  i s  employed. 

For  a p r e s s u r e  gain of  10 t h e  r a t i o  ac/am i s  3.05. 

I n  a d d i t i o n  t o  t h i s  advantage 

6-7. THE NOZZLE REA(TT1ON PRINCIPLE 

A major  d i sadvan tage  of  t h e  c o n t r o l  j e t  r e a c t i o n  d e v i c e  i s  t h a t  t h e  con- 

t r o l  p o r t  i s  wider t h a n  t h e  power nozz le .  

m u s t  t a k e  p l a c e  p r i o r  t o  each con t ro l  i n p u t  o f  an a c t i v e  e lement .  Also,  

t h e  i n p u t  impedance t o  a c o n t r o l  j e t  r e a c t i o n  d e v i c e  i s  n o t  c o n s t a n t  bu t  
depends on t h e  e x t e n t  t o  which t h e  power j e t  has  been d e f l e c t e d ;  t h u s ,  i m -  

pedance matching becomes more d i f f i c u l t  t han  f o r  d e v i c e s  whose inpu t  imped- 

ance i s  c o n s t a n t .  

T h i s  means t h a t  some d i f f u s i o n  

The nozz le  r e a c t i o n  dev ice  relies on t h e  r e a c t i o n  o f  t h e  power n o z z l e  
wa l l  t o  supply  a p r o p o r t i o n  o f  t h e  f o r c e  necessa ry  t o  def lec t  t h e  power j e t .  

F i g u r e  6-7 shows t h e  b a s i c  layout  of t h e  j e t  i n t e r a c t i o n  r e g i o n  o f  a n o z z l e  

r e a c t i o n  d e v i c e .  The inpu t  impedance of  t h i s  d e v i c e  i s  c o n s t a n t  because 
t h e  c o n t r o l  j e t  i s  no t  p a r t i a l l y  blocked by t h e  power j e t  c u r t a i n ,  a s  i s  

t h e  c a s e  i n  t h e  c o n t r o l  j e t  r e a c t i o n  d e v i c e ;  r a t h e r ,  t h e  c o n t r o l  j e t  is 
a l lowed t o  pass  f r e e l y  i n t o  t h e  ambient atmosphere su r round ing  t h e  i n t e r a c t -  

i n g  j e t s .  

6-1 1 
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Figure  6-7. E f f e c t  o f  Power 

Nozzle Wall Reac t ion  

We s h a l l  assume t h a t  t h e  c o n t r o l  j e t  and t h e  power j e t  nozz le s  have the 
same c r o s s - s e c t i o n a l  a r e a  and t h a t  t h e  j e t s  themselves  impinge w i t h o u t  l o s s  

a s  shown. The r e s u l t a n t  f o r c e  F 

and t h e  d e f l e c t e d  power j e t ,  s i n c e  l o s s e s  have been ignored  i n  t h e  i n t e r a c -  

t i o n  r e g i o n .  S i m i l a r l y ,  t h e  r e s u l t a n t  f o r c e  F m u s t  make equa l  ang le s  w i t h  

i n c i d e n t  and the d e f l e c t e d  c o n t r o l  j e t .  

must  make equa l  a n g l e s  w i t h  t h e  i n c i d e n t  
S 

C 

Let t h e  d e f l e c t i o n  a n g l e  of t h e  power j e t  a f t e r  impingement be a and 

let t h e  two streams be p a r a l l e l .  

through an angle a so t h a t  

Then t h e  f o r c e  Fs d e f l e c t s  t h e  power j e t  

2 a  Fs = ( p - Q  ) v  s i 5  s s  

2 a  F = 2 p - a * v  s i n 2  
S S 

The f o r c e  F d e f l e c t s  t h e  c o n t r o l  j e t  through an a n g l e  (90-a) and the reby  
g i v e s ,  

C 

2 a 
Fc = (pQ,)vc s i n ( 4 5 -  3) 

= ./2pavc 2 a  (cos3 - s i 5 1  a 

I 
I 
I 
I 
I 
I 
I 
I 
I 

(24 )  I 
I 
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I 
A t  t h i s  p o i n t ,  t h e  f o r c e  t h e  c o n t r o l  j e t  e x e r t s  on t h e  power j e t  i s  equa l  

t o  the f o r c e  t h e  power j e t  e x e r t s  on t h e  c o n t r o l  j e t .  Thus ,  t h e  r e so lved  

components of t h e  f o r c e s  2 and 2 i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  the r e -  

s u l t a n t  j e t  s t reams m u s t  be equa l  

I 
I FC FS 

I 
I 
B 
I 
I 
I 
I 
I 
I 
I 
I 

I 
i 

t h e r e f o r e  

F .J2(cos; + sin;) = F~ c o s 3  a 
C 

S u b s t i t u t i n g  f o r  F i n  equa t ion  (23) we g e t  
S 

2 a  a ~ . J i ( c o s ;  + sin;) = 2pavs sin- cos- 
C 2 2  

t h e r e f o r e  

2 a  a .J2pavs s i n s  c o s 3  
a a 

cos, + s i 5  
F =  

C 

And s u b s t i t u t i n g  f o r  Fc i n  equa t ion  ( 2 4 )  we ge t  

2 a  a 

a . a  
COST + s i n 2  

Y'ipavs sin- cos- =.J2pavc 2 ( c o s 5  a - sin21 a 

(25) 

6-13 



t h e r e  f o r  e, 

L 

a a sin- C O ~  2 

(cos- t s i T ) ( c o s T  - sin?) 

2 

2 
V 

C - =  
a a a a 
2 V 

S 

- 2 P C  

- 2PS 
-L-= t a n a  

P 

P C  

PS 
- = t ana  

T h i s  r e s u l t  i s  e x a c t l y  t h e  same a s  f o r  t h e  momentum exchange d e v i c e ;  however, 

t h e  des ign  of t h e  element i s  d i f f e r e n t  i n  t h a t  t h e  two nozz les  a r e  not  i s o -  

l a t e d  from each o t h e r  but s h a r e  a common wall which c o n t r i b u t e s  t o  a more 

e f f i c i e n t  i n t e r a c t i o n  between t h e  two je t s  and hence t o  a g r e a t e r  p o s s i b l e  

energy recovery a t  t h e  r e c e i v e r .  

T h e  advantage of a more e f f i c i e n t  element i s  twofold .  W i t h  h ighe r  

energy recovery t h e r e  i s  more a v a i l a b l e  c o n t r o l  energy a t  t h e  next  a c t i v e  

e lement .  This permi ts  a r edes ign  of t h e  a c t i v e  e lements  by making use of 

t h e  h ighe r  v a l u e  of - and hence a l a r g e r  d e f l e c t i o n  ang le  a .  

f l e c t i o n  angle permi ts  placement of t h e  r e c e i v e r  c l o s e r  t o  t h e  power nozz le  
w i t h  t h e  result t h a t  even h ighe r  energy r e c o v e r i e s  occur .  

i n g  t h e  d i s t a n c e  between t h e  power nozz le  and t h e  r e c e i v e r  t h e  molecular  

t r a n s p o r t  time f o r  t h e  f l u i d  i s  reduced,  and, consequent ly ,  the swi t ch ing  
t ime of t h e  element i s  reduced.  

PC 
Ps A l a r g e  de- 

Al so ,  by minimiz- 
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- s i n a  
cosa 

- -  

= t ana .  

Therefore ,  t h e  r a t i o  of t h e  c o n t r o l  p r e s s u r e  pc t o  the supply  pressure 
ps i s  given by 

or 
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When momentum exchange devices are used larger power jet deflection 
angles result in greater energy loss ratios, but when nozzle reaction devices 
are used the energy loss ratios are independent of the deflection angles and 
depend only on viscous stresses and turbulent mixing. 

6-8. TRANSIENT RESPONSE 

The response of fluid amplifiers, which make use of  either wall effects 
or turbulence, to a suddenly applied control signal has always been diffi- 
cult to analyse theoretically because the complex aerodynamic principles on 
which these elements depend are not yet understood. Schlichting3 has studied 
nonsteady boundary layers and the development of turbulence and has shown 
that an analytical treatment which does not take into account all the terms 
in the general three-dimensional Navier-Stokes equations is at best only a 
crude approximation for high Reynolds numbers. 
approach has yet been devised, although large scientific computers can now 
solve numerically a simplified two-dimensional approximation; even so,  the 
value of this approach has not yet been demonstrated. 

For low values no analytical 

Tests carried out on high-gain devices have shown that switching times 
are invariably slower than might be expected on the basis of molecular trans- 
port times. It is certain therefore that the destruction of a boundary layer 
or the re-establishment of laminar flow is a time-consuming effect which is 
likely to prove insurmountable even when the aerodynamics are completely 
understood. 

In contrast to the complexities introduced by high-gain elements, tests 
carried out on momentum exchange devices show that very elementary theory ' 

is involved in determining switching times with reasonable accuracy. As an 
example, let us calculate the switching time of a low-gain momentum-type or 
reaction-type eleinent operating on air at a power supply pressure of 20 

inches of water. Let the distance from the nozzle to the receiver be 0.050 
inch. 
as follows: 

Then the switching time in response to a step input may be calculated 

distance from nozzle to receiver 
velocity of air leaving nozzle 'witching time = 
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Air discharging into the atmosphere under a supply pressure of 20 
inches of water leaves the nozzle with a velocity of approximately 300 feet 
per second. 

Thus, 

Switching time = 12 300 seconds 

= 13.9 microseconds 

This speed is several orders of  magnitude faster than has been obtained with 
high-gain devices and should result in a re-evaluation of the possible ap- 
plications of pure fluid logic elements. 

Because control jet reaction devices do not depend on sensitive boundary 
or turbulence effects it is expected that switching times for these elements 
will be the same as those for momentum exchange devices and will show com- 
parable agreement between theory and experiment. 
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SECTION 7 

DEVELOPMENT OF A FLUID ELEMENT 

7-1. OPTIMIZATION OF FLUID ELEMENTS 

Several approaches to the optimization of fluid elements have been 
attempted. The most successful of these approaches are described in this 
sect ion. 

1. The Adjustable Large Model 

This method is suitable only as a starting point for more refined 
methods or for preparing elements which are intended for operation at high 
Reynolds numbers. It consists in making a large model by use of plastic or 
wood and arranging the walls s o  that they can be moved independently of each 
other. Flow visualization can be achieved by means of injecting smoke or 
kerosene vapor into the power o r  control stream. 

By testing various configurations it is possible to determine which 
walls have a controlling influence on the characteristics. 
experiments of this kind, a workable design can usually be made, provided 
transient response is not included in the specifications. The three-state 
memory element was built by use of this method. 

After about ten 

2 .  The Actual-Size Adjustable Model 

This method is ideal when the general configuration has been ob- 

tained with a large model or when some preliminary investigations have in- 
dicated an approximate design. It has an advantage in that the optimized 
model may be used as a master from which rubber molds can be cast. Thus, 
it is possible to have actual working elements a few days after an optimum 
model has been built. The dual-output amplifier was built by use of an 
actual-size adjustable model in which the separate pieces were merely stuck 
together with double-sided masking tape and moved until the desired charac- 
teristics were obtained. 
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Figure 7-1 is a photograph of the four steps, or stages, in the con- 
struction of a plastic element. 
element, Figure 7-lb shows a rubber mold of the element, Figure 7-lc shows 
a plastic casting of the element, and Figure 7-ld shows a finished element. 
Figure 7-2 is a photograph of a 3-5 element made from an actual-size adjust- 
able model. 

Figure 7-la shows a full-size adjustable 

3. "Shaving and Building" 

A plastic casting may not possess quite the desired characteristics 
when tested prior to bonding on its cover. Its performance may sometimes be 
improved by carefully shaving some of its critical walls or by building them 
up with modelling clay. 
element, which then becomes a new master, 
is that the end product frequently would be found to have many irregularities 
with the result that a detailed drawing of such an element would be almost 
impossible. 
ment and a dual-output amplifier, respectively, which were built by means 
of the shaving and building method. 

A rubber mold may then be made of the "touched-up" 
The disadvantage of this method 

Figures 7-3 and 7-4 are photographs of a tristable memory ele- 

4. Drawing Board Design 

Low-gain elements lend themselves to a theoretical treatment, and 
it has been found possible to design elements by use of the theory discussed 
in Section 6 and to compensate for departures from theory by assuming loss 
coefficients in determining the pressure recovery. 
basic geometry established by the calculations. 
in the form in which it is shown in the drawing by preparing a template and 
using a pantograph milling machine to cut an actual-size model in brass or 
plastic. 
dicted. 
and a new design is prepared. 
that the calculated and the actual performance of an element will agree 
satisfactorily, provided that no dependence has been placed on wall attrac- 
tion phenomena. 

This approach uses the 
An element is built exactly 

The model is tested, and the results are compared with those pre- 
The calculations are repeated by use of the new experimental data, 

After about three attempts it will be found 

In principal this method is valid for all types of pure fluid elements. 
It is, however, more time-consuming than the others when extremely high gain 
is sought. Figures 7-5 and 7-6 show a 2-3 element and a low-gain amplifier, 
respectively, built by use of this method, 
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a. Adjustable Model 

- __ 

c. Plastic Costing 

b. Rubber Mold 

282-76 

d. Finished Element 

Figure 7-1. Stages in the Construction of a Plastic Element 
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Figure 7-2. 3-5 Element 
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F i g u r e  7-3.  T r i s t a b l e  Memory Element 

282 - 79 I 
F i g u r e  7-4. Dual-Output A m p l i f i e r  
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F i g u r e  7-5. Three-Output 2-3 Element 
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Figure  7-6. Low Gain 2-2 Element 
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SEC'lION 8 

EXPERIMENTAL RESULTS 

4 -  

8-1. STEADY STATE CHARACTERISTICS 

The final characteristics of all multistate elements which could be 
Figure 8-1 shows that a very fabricated reliably are shown graphically. 

low signal at input B is required for switching the flow from output leg A. 

6 1 I I I I 

B 

NOTE : 
TO RESTORE A HIGH OUTPUT SIGNAL 
AT A,,, , INPUT A MUST BE PULSED TO 
ITS LOW STATE WITH INPUTS B AND C 
LOW. 

6 
- q  
0 1 2 3 4 5 

B I N P U T  (CM H20) 2112-3s 

Figure 8-1. Steady State Characteristics of 
a Three-Output Memory Element 

to output leg B Since the element is symmetrical the switching signals at 
B and C are equal. 

0 '  
An important characteristics of this element is that 

8- 1 



output A. can be restored to its high state only if the inputs are all low 
prior to the application of signal A .  

Figure 8-2 shows the variation in two output signals when input A is 
held constant and input B is varied from zero to the value of signal A.  

Clearly, although the element is analog in its mode of operation, the speci- 
fied logical functions are obtained when binary inputs are applied. 

14 I I  I l l  I 1  I 

10 

0, = 9 -  

8 -  

- - 
z 
V 

w 
3 

w 
o! 

I- 
3 

- 
a 

z 7 -  

6 -  

a 

0 
5 5 

.- 

4 -  

3 -  

2- 

+ -  

b I 
I \ 

B 

A i  

I 

/ 

01 I ,,A; , 
0 2 4 6 8 10 12 14 16 18 2 0  22  24 

8 INPUT (CM H,O) 202-36 

Figure 8-2. Steady State Characteristics 
of a 2-3 Element 

Figure 8-3 shows characteristics similar to those shown in Figure 8-2. 
However, the pressure losses are greater because it was necessary to place 
the receivers farther away from the nozzles than for the 2-3 element. 
the element is analog in its mode of operation and needs to be used in con- 
junction with an amplifier with a well-defined OFF or ON state. 

Again, 

Figure 8-4 shows the characteristics of a dual-output amplifier with 
well-defined OFF and ON conditions and a narrow analog region. 
and B were found to produce identical characteristics. 

Inputs A 
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B INPUT (CM H20) 202-37 

Figure 8-3. Steady State Characteristics 
of a 3-5 Element 

B INPUT ( C M H 2 0 )  212-30 

Figure 8-4. Steady State Characteristics of a 
Dual-Output !High-Gain) Amplifier 
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F i g u r e  8-5 shows t h e  c h a r a c t e r i s t i c s  of a p a s s i v e  e lement  des igned  t o  

produce s u f f i c i e n t  g a i n  t o  permit  cascading .  T h e  g a i n  i s  achieved by in -  

t rc~ciucing a t  A 

d e r i v e d  from a p a s s i v e  element .  

a n o t h e r  i n  a chain i n d e f i n i t e l y .  

must be d r i v e n  by an a c t i v e  e lement .  

a s i g n a l  d e r i v e d  from an a c t i v e  element  and a t  8 a s i g n a l  

I n  t h i s  way one p a s s i v e  element  can d r i v e  

The o n l y  c r i t e r i o n  i s  t h a t  each  A i n p u t  

10, I I I 1 I I 

I \ I 

B 2 P 
0 1 2 3 4 5 6 7 8 9 4 0 ! ! ! 2  

B INPUT (CM t i 2 0 1  2 0 2 - 3 9  

F i g u r e  0-5. S teady  S t a t e  C h a r a c t e r i s t i c s  
o f  a 2-2 (Low-Gain) Element 

- 2 .  'rmNsIEm RESPONSE 

ExperimPnts c a r r i e d  o u t  on t h e  queueing r e g i s t e r  u s i n g  the  t h r e e - s t a t e  

tiit-iiloi)' eleiiieilt, showed t h a t  t he  maximum r a t e  of word t r a n s p o r t  was only  37 

b i t s  p e r  second. The t h r e e - s t a t e  element was ex t remely  s low t o  s w i t c h ,  and 

i l  swmed  t h a t  wa l l  a t t r a c t i o n  was r e s p o n s i b l e .  

1'0 v e r i f y  t h i s  assumption a pure f l u i d  o s c i l l a t o r  was b u i l t  by use  o f  

t h t .  2-2 ( l o w g a i n )  element. 

. i ( ~ s c r i h e d  i n  Sec t ion  6.  

T h i s  element was des igned  by use o f  t h e  t h e o r y  
I t  does not, depend f o r  i t s  g a i n  on w a l l  a t t r a c t i o n .  

Figiirc U-0 shows t h e  c y c l e  time p l o t t e d  a g a i n s t  t h e  l e n g t h  L of the 

t ' t ~ ( ~ t i i ~ i i c i <  p j t h .  'The curve i s  e x t r a p o l a t e d  t o  t h e  L = 0 o r d i n a t e ,  and t h e  

c y (  l e  time i s  seen l o  he approximate ly  0 .4  m i l l i s e c o n d ;  consequent ly ,  t h e  

switcli iny tiiiie i s  0 .2  m i l l i s e c o n d .  C a l c u l a t i o n s  have shown t h a t  t h i s  switch-  

i n g  t ime depends only  on t h e  molecular  t r a n s p o r t  time o f  t h e  f l u i d  i n  p a s s i n g  
from the nozzle  t o  t he  r e c e i v e r .  I n  g e n e r a l ,  any f l u i d  c i r c u i t  c o n t a i n s  
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I 

O l  I I I I I 

L. L E N G T H  OF FEEDBACK PATH ( I N C H E S )  2 8 2 - 4 0  

Figure 8-6. Transient State Characteristics 
Giving Cycle Time of a Low-Gain Oscillator 

inductance in its interconnecting lines. This inductance will affect the 
input rise time and hence the switching time o f  subsequent elements. 

Transient response tests on complex circuits were outside the scope of 

these investigations but will certainly need to be carried out before truly 
reliable estimates can be made o f  system speed. 
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SECTION 9 

CONCLUSIONS AND RECOMMENDATIONS 

Multistate elements may be classed as follows: 

1. Multilevel with memory 

2 .  Multilevel without memory 

3.  Multioutput with memory 

4. Multioutput without memory 

Tests have shown that the only satisfactory elements which could be 
built were in classes 3 and 4. The class 3 element found at least one use- 
ful application, the asynchronous shift register, but was relatively slow; 
whereas the class 4 element has been shown to be a powerful logic element 
with a capacity for high speed and an insensitivity to small geometric vari- 
ations not found in any other class of element. 
4 elements suggest that operation at very low Reynolds numbers should be 
possible although insufficient quantitative data have been obtained to show 
what the lower limit might be. 

Tests carried out on class 

It appears from these conclusions that future investigations should 
involve class 4 elements used in conjunction with amplifiers of moderate 
gain .  

reliability and speed. 
scope of recent concepts in bionics in which it appears that limitations of 
speed may be overcome by asynchronous polymorphic logic in much the same 

Te3t.s s h o u l d  be carried out on complex circuits to determine system 
A parallel effort should be made to determine the 

manner that the brain apparently overcomes these limitations. Majority logic 
and variable threshold logic elements may be synthesized from the basic fluid 
elements developed under this contract, and it is now conceivable that minia- 
ture fluid elements may be integrated to form thousands of interconnected 
neurons" to perform that quasidigital type of logic now associated with the ?, 
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brain. 
adaptive machine having high-order artificial intelligence. 

If this should prove feasible we would be one step closer to the 
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APPENDIX A 

THE NASA FLUID MATHEMATIC UNIT 

A-1. GENERAL DESCRIPTION 

The u n i t  i l l u s t r a t e d  i n  F i g u r e  A - 1  c o n s i s t s  of a f o u r - b i t  b i n a r y  adder  

w i t h  a s s o c i a t e d  r e g i s t e r s  and a console .  A l l  o p e r a t i o n s  a r e  under manual 
c o n t r o l  f rom the conso le .  

A s t o r a g e  r e g i s t e r  S s t o r e s  the number t o  be added t o  t he  accumulator  
When the add s i g n a l  i s  genera ted  from the c o n s o l e ,  t h e  sum of t h e  con- AC. 

t e n t s  of AC and S i s  s t o r e d  i n  t h e  i n t e r m e d i a t e  s t o r a g e  r e g i s t e r  A .  A f t e r  

t h e  add s i g n a l  i s  removed, the con ten t s  of A a r e  t r a n s f e r r e d  t o  AC. 

AC and S r e g i s t e r s  a r e  d i s p l a y e d  i n  conso le  i n d i c a t o r s .  

can be  gene ra t ed  from the conso le  t o  s e t  the accumulator  t o  b i n a r y  0. 

The 

A c l e a r  s i g n a l  

A-2. S REGISTER 

The S r e g i s t e r  c o n t a i n s  f o u r  f l i p - f l o p s  each of w h i c h  can be se t  and 

reset  from the conso le .  
adde r .  

The o u t p u t s  of the  S r e g i s t e r  f e e d  the b i n a r y  

A-3.  THE ACCUMULATOR 

The accumulator  c o n s i s t s  of 2 f o u r - b i t  r e g i s t e r s .  The input. register 
The output  r e g i s t e r  AC f e e d s  t h e  b ina ry  A r e c e i v e s  t h e  sum d u r i n g  an add.  

adder  and i s  not  changed d u r i n g  add time. 

reg is te r  c o n t r o l  t he  AC r e g i s t e r  through a 3-5 element f o r  each b i t  

p o s i t i o n .  
up i n t o  the A r e g i s t e r .  
t h e  new sum i s  g a t e d  t o  t h e  AC r e g i s t e r .  

Normally,  the ou tpu t s  of the A 

During add time, t h i s  pa th  i s  b locked ,  and the new sum i s  s e t  
After the add s i g n a l  f rom t h e  conso le  i s  removed, 
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Figure A-1.  Four-Bit Binary Adder 
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A-4. BINARY ADDER 

I 
I 

The binary adder is a combinational net composed of dual-output 
inverters and 2-3 elements. The inputs are from the S and AC registers. 
Each stage generates a sum and a carry which is an input to the succeeding 
stage. 
alarm" indicator on the console. If the operands currently in the AC and 
S registers will cause a carry from the fourth bit position when added, 
overflow alarm will be indicated on the console. 

The carry from the fourth stage is used to drive an "overflow 

A-5. CONTROL 

The control logic generates and times the signals necessary to do the 
The initiating signal, ADD, comes from the console on command of the add. 

operator. Three other signals are generated when the ADD signal is 
received by the control logic. 

1. TR: isolates the AC register from the A register by way of the 
elements coupling the registers. 

2. CLR: clears the A register to binary 0 .  

3. SET: gates the sum into the A register. 

Relative timing is shown in Figure A-2. 

A photograph of the fluid arithmetic unit i s  shown in Figure A - 3 .  

Figure A-2. Relative Timing 
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Figure A - 3 .  

z e z - * 3  T 

Fluid Arithmetic Unit 
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APPENDIX B 

DEVELOPMENT OF DUAL-OUTPUT INVERTER 

B-1. GENERAL 

A f t e r  a d i s c u s s i o n  w i t h  both M .  Jacoby and T. D. Reader ,  i t  was dec ided  

t o  begin w i t h  t e s t i n g  a des ign  ( D O 1  No. 1) by T .  D.  Reader ,  t o  de te rmine  t h e  

performance c h a r a c t e r i s t i c s .  

A t empla t e  has been made,and an 0 .026- inch-s ize  d e v i c e  has  been machined 
from t h i s  t empla t e .  F i g u r e  B-1 shows a l l  t h e  dimensions o f  t h e  t empla t e .  

Two t e s t s  have been conducted t o  de te rmine  t h e  performance c h a r a c t e r i s -  

t i c s  of  the 0 .026- inch-s ize  device- to  be r e f e r r e d  t o  as DO1 No. 1 (Dual- 

o u t p u t  I n v e r t e r  Design No. 1) i n  the fo l lowing  r e p o r t .  

F i r s t  Test: To check t h e  s t a b i l i t y  of  D O 1  No. 1 w i t h  r e s p e c t  t o  t h e  

j e t  supply  p r e s s u r e .  The power j e t  supply  pressure was v a r i e d  from 0 

t o  30 inch  wa te r  gauge and both the  s t a t e  and t h e  recovered  s t a g n a t i o n  

pressure of  the power j e t  were observed .  T h e  t e s t  arrangement i s  

shown i n  F igu re  B-2. 

T h e  t e s t  resul t  i n d i c a t e s  t h a t  t he  s t a b i l i t y  of DO1 No. 1 depends on 

t h e  power j e t  supp ly  p re s su re ,  Ps .  

j e t  became u n s t a b l e  and switched a u t o m a t i c a l l y  t o  the not  p r e f e r r e d  

(normal ly  OFF) s i d e  o f  t h e  output  channels .  

t h a t  the rea t tachment  wal l  of t h e  c o n t r o l  po r t  s i d e  i s  i n  the  power j e t  

f low and s p l i t t i n g  p a r t  o f  the power j e t  i n t o  c o n t r o l  p o r t ,  and t h u s  

b u i l d s  u p  enough pressure t o  swi t ch  the power j e t  t o  the normally OFF 

ou tpu t .  I t  i s  necessa ry ,  t h e r e f o r e ,  t o  provide  i s o l a t i o n  a t  t h e  con- 

t r o l  i n p u t .  

a t  the c o n t r o l  i n p u t .  

A t  s e v e r a l  v a l u e s  of  Ps ,  t he  power 

T h i s  i s  due  t o  the fact. 

Second tes t  t o  be r e p o r t e d  below was made w i t h  i s o l a t o r  
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2 0 2 - 4 7  

Figure  B-2. T e s t  Arrangement (Without I s o l a t o r )  

Second T e s t :  

D O 1  No. 1 w i t h  i s o l a t e d  con t ro l  i n p u t .  

The o b j e c t i v e  here i s  t o  determine t h e  p o s s i b l e  ga in  o f  

The t e s t  arrangement i s  shown i n  F i g u r e  B-3. 

M I C R O  
VALVE 

PS N0.4 

PS & N0.3 - PS 

I S O L A T O R  9 
I TEST D E V I C E  

V A L V E  B 001 NO.  1 

F i g u r e  B-3. T e s t  Arrangement ( W i t h  I s o l a t o r )  

F i g u r e  B-4 was p l o t t e d  from the t e s t  d a t a  and shows: 

(1)  The r a t i o  of t h e  normally ON ou tpu t  Pol t o  t h e  c o n t r o l  i npu t  
P, r e q u i r e d  t o  switch the power j e t  t o  normally OFF ou tpu t  
wi th  r e s p e c t  t o  P,. 
v a r i e d  from 0 t o  30 i n c h  water  gauge. I t  was n o t i c e 8  t h a t  
a t  a range  of P S I  there i s  a c o n s i d e r a b l e  amount of n o i s e .  

The power j e t  supply  p r e s s u r e  P was 
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The maximum p o s s i b l e  g a i n  a s  i n d i c a t e d  by Pol/Pc curve  i s  
about  5 .  

(2 )  The r a t i o  of  the normally OFF ou tpu t  Po 
P,. The r a t i o  Po,/Pc can be i n t e r p r e t e i  a s  the g a i n  of  t h e  
i n v e r t e r  when used a s  an a m p l i f i e r .  T h i s  g a i n  i s  d i f f e r e n t  
( l o w e r )  from the p rev ious  g a i n  d e s c r i b e d  i n  (1) .  There  i s  
a l s o  a range  of  Ps i n  w h i c h  n o i s e  e x i s t s .  

t o  the c o n t r o l  i n p u t  

4 8 12 16 20 24  28 32 36 40 44  

SUPPLY GAUGE PRESSURE, Ps (INCHES H 2 0 )  2 8 2 - 4 6  

F i g u r e  6-4. Performance C h a r a c t e r i s t i c s  of D O 1  No. 1 Design 

CONCLUSION 

T h e  performance c h a r a c t e r i s t i c s  o f  D O 1  No. 1 have been determined and 

p resen ted .  

i n  and t e s t e d ,  the performance c h a r a c t e r i s t i c s  of  a complete  d e v i c e  ( w i t h  

f an - in  and fan-out of 4 each i n c o r p o r a t e d  i n  t h e  p r e s e n t  d e s i g n )  should not  

Although t h e  fan- in  and f a n - o u t p a r t s  o f  t h e  d e v i c e  were not  b u i l t  
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differ appreciably from the present characteristics-maximum pressure gain 
of 5, some inevitable noise, and slight asymmetrical outputs. In the author's 
opinion, these characteristics can be improved. A continuous effort along 
this direction is therefore recommended. 
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APPENDIX C 

DUAL-OUTPUT INVERTER 

INTRODUCTION 

T h i s  r e p o r t  d e s c r i b e s  the resul ts  of  the e f f o r t  t o  deve lop  a dua l -output  
i n v e r t e r .  Fol lowing the  terminology used i n  Appendix B, t h e  des ign  o f  the  

dual -output  i n v e r t e r  t o  be d iscussed  here i s  r e f e r r e d  t o  as DO1 No. 2 (Dual- 
o u t p u t  I n v e r t e r  Design No. 2 ) .  

C-2. DESIGN CONCEPT 

There a r e  s e v e r a l  b a s i c  d i f f e r e n c e s  i n  t h e  des ign  of  the DO1 No. 1 and 

DO1 No. 2. These a r e :  

(1) DO1 No. 2 i s  e s s e n t i a l l y  symmetr ical  w i t h  r e s p e c t  t o  t h e  a x i s  of 
the power j e t .  The mono-s t ab i l i t y  was in t roduced  a f t e r  t h e  b i -  
s t a b i l i t y  of the des ign  was expe r imen ta l ly  confirmed.  T h e  e x a c t  
s t e p s  t aken  i n  the design o f  DO1 No. 2 a r e  g iven  i n  a s e p a r a t e  
s e c t i o n  of  t h i s  r e p o r t .  

( 2 )  The o f f s e t  of  the l e f t  s i d e  wa l l  of  D O 1  No. 1 i s  n e g a t i v e  (-0.135 
times t h e  n o z z l e  w i d t h ) ,  whereas i n  D O 1  No. 2 i t  i s  changed t o  
p o s i t i v e  (+0.25 times the nozz le  wid th ) .  

( 3 )  I n  t h e  des ign  of  D O 1  No. 2 both o u t p u t s  have been fanned i n t o  f o u r ,  
t o  g i v e  e igh t  o u t p u t s  a l t o g e t h e r .  
i n p u t  OR gat.e, 
fan-out .  T h i s  d i f f e r e n c e  should  be kept  i n  mind when compariny 
t h e  performance c h a r a c t e r i s t i c s  of  both d e s i g n s .  

T h e  c o n t r o l  p o r t  i s  a fou r -  
I n  t h e  design of  D O 1  No. 1 there i s  no fan- in  nor  

The s p e c i f i c  s t e p s  t aken  i n  des igning  D O 1  No. 2 a r e  a s  fo l lows :  

S t e p  1. I t  i s  h i g h l y  d e s i r a b l e  t h a t  a l l  t h e  e i g h t  o u t p u t s  a r e  equa l  t o  

one ano the r ,  a l though a small  d i f f e r e n c e  can be t o l e r a t e d .  I n  o r d e r  t o  
ach ieve  t h i s  o b j e c t i v e  a p e r f e c t l y  symmetr ical  des ign  was drawn. The 

d e s i g n  c o n s i s t s  of  f o u r  types o f  e l emen t s ,namely ,  f l i p - f l o p ,  OR g a t e ,  
d i v i d e r ,  and i s o l a t o r .  The des igns  of  a l l  the f o u r  t y p e s  of  elements 
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a r e  chosen from t h o s e  p rev ious ly  t e s t e d  a t  U N I V A C .  Some performance 

c h a r a c t e r i s t i c s  o f  each element were a v a i l a b l e , a n d  t h e y  a r e  c i t e d  i n  

Table  1. 

I n  t h i s  s t e p  t h e  work was s imply t o  combine these f o u r  t y p e s  of  elements 

p rope r ly  i n t o  an i n t e g r a l  d e v i c e .  
s i g n  should work as a f l i p - f l o p  w i t h  fan- in  and fan-out  of  f o u r  

w i t h  performance c h a r a c t e r i s t i c s  comparable t o  t h o s e  i n d i c a t e d  i n  

Tab le  1. 

The d e v i c e  i n  t h i s  p re l imina ry  de-  

and 

S t e p  2 .  S e v e r a l  t e s t  f l i p - f l o p s  of  0.020-inch nozz le  s i z e  were made by 

us ing  the  pantograph.  T h e  des ign  was drawn t o  t h e  s c a l e  20 t o  1 and 

t h e n  reduced t o  10 t o  1 pho tograph ica l ly .  DYCRIL process  was used t o  

o b t a i n  the t e m p l a t e .  The t empla t e  used was ten  times l a r g e r  than  t h e  

dev ice  s i z e .  

T h e  key t o  a success  i n  the des ign  depends t o t a l l y  on the  performance 

c h a r a c t e r i s t i c s  o f  the f l i p - f l o p  p o r t i o n  i n  the d e s i g n .  Although t h i s  

f l i p - f l o p  des ign  was ob ta ined  by means of  a l a r g e  s c a l e  t e s t  model (20  

times l a r g e r  t h a n  d e v i c e  s i z e  and a s p e c t  r a t i o  of  3 t o  1)  and was not  

t e s t e d  a t  a l l  i n  s m a l l e r  s i z e s ,  p a s t  expe r i ence  on s c a l i n g  e f f e c t  seems 
t o  warrant a t r y  t o  o b t a i n  0 . 0 2 0 - i n c h - n o z z l e - s i z e  d e v i c e .  

T h e  t e s t  r e s u l t  from t h e  0 .020- inch-nozz le-s ize  f l i p - f l o p s  w i t h  a s p e c t  

r a t i o  of  1 t o  1, 1.6 t o  1, and 2 t o  1 i n d i c a t e d  t h a t  w i th  an a s p e c t  

r a t i o  o f  2 t o  1 the  f l i p - f l o p  begins  t o  be b i s t a b l e  a t  an i n p u t  pres- 

sure of about 22 inches  water  gauge o r  a t  cor responding  Reynolds number 

of 3000 based on t h e  v e l o c i t y  and width a t  the power nozz le .  

s m a l l e r  aspect  r a t i o  than  1.6 t o  1, the f l i p - f l o p  was n o t  b i s t a b l e .  

W i t h  

S t e p  3 .  

T h e  aspec t  r a t i o  was r a i s e d  t o  2 t o  1. There a r e  s e v e r a l  ways by which 

the device can be made t o  be mono-stable.  For  examples:  t h e  s i d e  w a l l s  
can be made s l i g h t l y  longer  on one s i d e  than  the  o t h e r ;  t h e  ang le s  of  

t h e  s i d e  wa l l s  w i t h  r e s p e c t  t o  the  power j e t  a x i s  may be v a r i e d ;  o r  

the  con t ro l  p o r t s  can be made asymmetr ica l .  

a s  i s  r ep resen ted  by t h e  ou tpu t  channel  s i z e  and c o n f i g u r a t i o n  can a l s o  

be one of  many o t h e r  ways; however, there  i s  d e f i n i t e  d i f f e r e n c e  i n  

t he i r  r e s u l t i n g  e f f e c t  w i t h  r ega rd  t o  t h e  requi rement  of Uniform 

A complete  d e v i c e  was made a f t e r  t h e  complet ion of  s t e p  2 .  

T h e  load t o  t h e  f l i p - f l o p  
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o u t p u t s .  I n  DO1 No. 2 ,  t h e  method of b i a s i n g  t h e  f l i p - f l o p  was t h e  
one o f  lengthening  the s i d e  wal l .  

e f f e c t  as f a r  a s  t h e  o u t p u t s ' u n i f o r m i t y  i s  concerned.  

It was expec ted  t o  cause  n e g l i g i b l e  

A s imple  s t e a d y  s t a t e  t es t  o f  t h e  complete  d e v i c e  would i n d i c a t e  u s u a l l y  

t h a t  t h e r e  i s  a s l i g h t l y  p r e f e r r e d  side even b e f o r e  t h e  f l i p - f l o p  i s  
biased. A f t e r  t h e  s l i g h t l y  p r e f e r r e d  s i d e  of t h e  f l i p - f l o p  i s  found,  

i t  i s  a r a t h e r  s imple  t a s k  t o  i n c r e a s e  t h i s  tendency t o  any degree  as 
desired.  The s t r o n g e r  t h e  f l i p - f l o p  i s  b i a sed  t h e  h a r d e r  it becomes 

t o  swi tch ,  and t h e r e f o r e ,  i t  resu l t s  i n  a l ow-ga in  d e v i c e .  The g a i n  

can a l s o  be changed by a l t e r i n g  t h e  OR g a t e  des ign  and i t s  r e l a t i v e  
l o c a t i o n  w i t h  r e s p e c t  t o  t h e  f l i p - f l o p .  

Step 4 .  

checked i n  t h i s  s t e p .  Also ,  minor changes i n  t h e  d e s i g n  such  a s  a r -  

r ang ing  the i n p u t s  and o u t p u t s  i n  a manner convenient  f o r  i n t e rconnec -  

t i o n  o f  devices  can be made i n  t h i s  s t e p .  

The u n i f o r m i t y  of  t h e  o u t p u t s  and t h e  deg ree  o f  i s o l a t i o n  were 

C-3. PERFORMANCE CHARACTERISTICS OF DO1 N O .  2 

Figure  C-1 shows t h e  t es t  arrangement  used t o  o b t a i n  performance char -  
a c t e r i s t i c s  of DO1 No. 2. A test d e v i c e  o f  DO1 No, 2 a s  shown i n  FigLire 

C-2 has  been m i l l e d  on a P l e x i g l a s  p l a t e .  

have been obta ined  and p resen ted  i n  F i g u r e s  C-3, C-4, C-5,  C-6, and C-7. 

Some performance c h a r a c t e r i s t i c s  

H O T  WIRE PROBE 
/ T O  O S C I L L O S C O P E  

I D E V I C E  NO. 0,1,2 

CONTROL 
J E T  

* 

c 
z e z - 7 ~  

Figure  C-1. T e s t  Arrangement 
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10 20 30 40  50 

P, (INCHES H 2 0  - GAGE)  2 8 2 - 4 9  

Figure C-3. Device No. 0 Static Characteristics 
(Out put Blocked 1 

Two epoxy cast copies of the device made through the rubber mold process 
have also been tested. 
C-18. 
the device can be reproduced by using epoxy and rubber mold casting process. 
The reproduction was found not to be faithful as we have experienced pre- 
viously. 
to be 0.021 inch, 0.023 inch, and 0.023 inch,respectively. This is equiva- 
lent to a deviation of approximately 10 percent in one of the key dimensions 
in the design. 
device milled on a Plexiglas 
two copies, Devices No. 1 and No. 2 .  

These results are presented in Figures C-8 through 
The main concern in testing the copy devices was to find out whether 

The power nozzle width of the master and the two copies were found 

For the convenience in the following presentation, the test 
plate is to be called Device No. 0, and the 
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(Output Blocked) 

4 

- 3  

a 
W 
W 

(3 

I 

0, 
I 2  
v) 
W 
I 
u 
z 

- 1  
a 
I- 
3 
a 
I- 
3 
0 0  

p6 \  /p7 

- 4  1 I I I 
0 10 20 30 40 50  

P, (INCHES H20 - G A G E )  282-51 

Figure C-5. Device No. 0 Static Characteristics 
(Loaded With 0.030 Orifice) 

c-7 



4 I I I I - 
W 
a 
(3 

I 

a 

0, 3 -  
- 

P, (INCHES H 2 0  -GAGE)  2 8 2 - S 2  

a 
I- z 
0 
V 

Figure C - 6 .  Device No. 0 Switching Test 
(Output Blocked 1 

I I I I 

4 

3 

z a 
W 
a i  
W 
3 
0 a 

( 

BEST GAIN 
DEVICE NO. 0 

WORST GAIN 
DEVICE NO 0 

I I L J _ _ - -  

P, ( INCHES H 2 0  GAGE) 202-53  
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Figure C-9. Device No. 1 Static Characteristics 
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7 ,  I I I I 

50 

P, ( INCHES H 2 0 - G A G E )  282-56  

Figure  C-10.  Device No. 2 S t a t i c  C h a r a c t e r i s t i c s  
(Output Blocked 1 

Some o f  our  o b j e c t i v e s  concerned i n  t h i s  d e s i g n  a r e  t h e  ou tpu t  un i -  
f o r m i t y  and the lowest power l e v e l  of  o p e r a t i o n .  

show t h e s e  a spec t s  of Device No. 0. 

p u t s  i s  i n d i c a t e d  by t h e  degree  o f  d i s p e r s i o n  among the cu rves  P6, p7, Po, 
and Pq i n  Figure C-3 and Pl0, Pl l ,  P12, and P13 i n  F i g u r e  C-4. The r a t i o  

of  t h e h i g h e s t a n d  lowes t  ou tpu t  i s  about  2 when the o u t p u t  p o r t s  were en- 
t i r e l y  blocked; whereas when t h e  o u t p u t s  were loaded w i t h  4 0.030-inch o r i -  
f i ce s ,  w h i c h  s i m u l a t e  the c o n d i t i o n  of d r i v i n g  4 s i m i l a r  d e v i c e s ,  t h e  u n i -  

f o r m i t y  i s  r a t h e r  g o o d , a s  can be seen  from F i g u r e  C-5. 
l e v e l  of ope ra t ion  can be e s t i m a t e d  from F i g u r e s  C-3 and C-5. 
no t  mono-stable a t  P 

c o n s i s t e d  of P6, P7, P8, Pq, and o f  Pl0, P l l ,  P12, and PI3 are p r a c t i c a l l y  
i n d i s t i n c t i v e .  

d e f i n i t e l y  mono-stable. T h e r e f o r e ,  t h e  lowest  power l e v e l  of o p e r a t i o n  l i e s  
between 10 t o  20 inches wa te r  gauge,  probably  c l o s e r  t o  10 inches  water  gauge. 

F i g u r e s  C-3, C-4, and C-5 

The un i fo rmi ty  o f  t he  normally ON o u t -  

The lowest  power 

The d e v i c e  i s  

below 10 inches water  gauge s i n c e  both  sets  of cu rves  
1 

A t  v a l u e s  of  P1 above 20 i nches  water gauge the d e v i c e  i s  

c-10 
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Figure  C-11.  Device No. 1 S t a t i c  C h a r a c t e r i s t i c s  
( O u t p u t  Blocked) 

The cor responding  Reynolds number of 10 inches  water  gauge i s  2230. 

u r e s  C-3 and C-5 a l s o  show t h e  steady s t a t e  no i se  l e v e l .  

range  of t h e  d e v i c e ,  t h e  maximum noise  l e v e l  i s  0.5 inch water  gauge, when 

t h e  o u t p u t s  a r e  loaded w i t h  0 ,030-inch o r i f i c e s ;  whereas when t h e  ou tpu t s  

a r e  blocked t h e  no i se  l e v e l  i s  much lower.  

Fig-  

I n  t h e  o p e r a t i o n a l  

F igu re  C-6 shows t h e  resul t  of a quas i  s t eady  s t a t e  swi t ch ing  t e s t .  

The  swi t ch ing  p res su re  requirement  of t h e  f o u r  c o n t r o l  i n p u t s  a r e  not per -  
f e c t l y  uniform, more d ive r sed  a t  higher  P1 value than a t  lower.  When t h e  

s w i t c h i n g  p res su re  and f low a r e  considered i n  t h e  form of swi t ch ing  power 
requi rement  (PQ); and t h e  o u t p u t  power i s  c a l c u l a t e d  from t h e  output  pres -  

s u r e  and flow when loaded w i t h  0 .030-inch o r i f i c e ,  then  t h e  r a t i o  of t h e  
l a t t e r  t o  t h e  former i s  taken a s  the power g a i n ,  f o r  example, 

O u t p u t  power ( s t a t i c  p re s su re  a t  t he  o r i f i c e  - f low through o r i f i c e )  
Power gain = Contro l  i n p u t  ( s t a t i c  p re s su re  - f low a t  c o n t r o l  p o r t )  

c-11 
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Figure C-12. Device No. 2 Static Characteristics 
(Output Blocked 1 
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Figure C-13. Device No. 1 Switching Test 
(Output Blocked) 
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F i g u r e  C-14. Device No, 2 Switch ing  T e s t  
( O u t  p u t  Blocked) 
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Figure  C-15. Device No. 1 S t a t i c  C h a r a c t e r i s t i c s  
(Loaded With 0.030 O r i f i c e s )  

F igu re  C-7 shows the b e s t  and wors t  power ga in  i n  the  o p e r a t i o n a l  range  

o f  t h e  dev ice .  T h e  curves  showi i ig  t he  b e s t  power g a i n  a r e  c a l c u l a t e d  from 
the d a t a  on t h e  h i g h e s t  ou tput  (No. 6 o u t p u t )  and the  lowest swi t ch ing  re- 
quirement  (No. 4 c o n t r o l  i n p u t ) .  S i m i l a r l y ,  the worst  power g a i n  i s  ob- 

t a i n e d  from the  d a t a  on the  lowest ou tpu t  power (No. 8 o u t p u t )  and the  high-  

e s t  swi t ch ing  requi rement  (No. 2 c o n t r o l  i n p u t ) .  F igu re  C-7 i n d i c a t e s  the 

v a l u e s  of  ga in  r anges  from 1 t o  s l i g h t l y  over  3 depending on the power j e t  

pressure l e v e l  P1. 
ma te ly  tw ice  the  v a l u e s  of  the worst g a i n .  

a t  a h i g h e r  f requency ,  say  a t  k i l o c y c l e  l e v e l ,  i t  i s  f o r e s e e n  t h a t  a 

Throughout the r ange ,  t he  b e s t  g a i n  v a l u e s  a r e  approxi -  
When the  dev ice  i s  t o  be ope ra t ed  

C-13 
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Figure C-16. Device N o .  2 S t a t i c  C h a r a c t e r i s t i c s  
(Loaded With  0.030 O r i f i c e s )  
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Figure  C-17. Flow Recovery 

somewhat h igher  ga in  des ign  t h e n  t h a t  of DO1 N o ,  2 would be r e q u i r e d .  

a t  t h e  k i l o c y c l e  f requency ,  t h e  i n t e r c o n n e c t i o n  by means of TYGON t ub ing  a s  

c u r r e n t l y  i n  use i s  u n s a t i s f a c t o r y .  However, be fo re  e l i m i n a t i n g  i t  com- 
p l e t e l y ,  t h e  i n t e rconnec t ion  by TYGON t u b i n g  of s i z e s  compat ib le  t o  d e v i c e  

channel  s i z e  could s t i l l  be used between module b locks .  

Also ,  

C-14 
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F i g u r e  C-18. V a r i a t i o n s  i n  Power Gain 

C-4. DYNAMIC PERFORhlANCE 

The main concern a t  the present  s t a t e  o f  development,  w i t h  regard  t o  
t h e  DO1 No. 2 d e s i g n ,  i s  t o  f i n d  out how f a s t  can we d r i v e  the  dev ice  i f  a 

s u f f i c i e n t  swi t ch ing  p u l s e  were appl ied  a t  t h e  c o n t r o l  p o r t s .  From previous  

e x p e r i e n c e  ( s w i t c h i n g  t e s t  performed i n  HDL c o n t r a c t  f o r  P u r e  F l u i d  Binary 
Counter  Design), i t  i s  known t h a t  the e f f e c t i v e n e s s  of  the c o n t r o l  pu l se  

d r o p s  cons ide rab ly  a s  the dev ice  i s  ope ra t ed  a t  p r o g r e s s i v e l y  h ighe r  f r e -  
quency. F igu re  C-8 shows a t e s t  r e s u l t  from the  HDL c o n t r a c t  work mentioned 

above.  It  can be reduced from t h i s  f i g u r e  t h a t  d r i v i n g  the  HDL f l i p - f l o p  a t  
a f requency  o f  120 pulses p e r  second, the e f f e c t i v e n e s s  of  t h e  p u l s e  i s  50 

pe rcen t  of the steady s t a t e  t e s t  va lue ;  and t h a t  the e f f e c t i v e n e s s  ( a s  ex- 

p re s sed  i n  terms o f  the percentage  of  the a p p l i e d  c o n t r o l  s i g n a l )  i s  i n -  
creased by r a i s i n g  the  ampli tude of t h e  c o n t r o l  s i g n a l .  

ure C-8, i t  i s  seen t h a t  t h e  e f f e c t i v e n e s s  was r a i s e d  t o  83 p e r c e n t ,  when 

the c o n t r o l  pulse ampl i tude  was raised from 4 inches  wa te r  gauge t o  20 i n c h e s  

w a t e r  gauge. 

From the  same Fig-  

Dynamically,  the t e s t  dev ice  of D O 1  No. 2 des ign  was i n v e s t i g a t e d  i n  

the fo l lowing  manner, and some r e s u l t s  have been ob ta ined .  

C-15 



The test devices NO. 0 ,  1, and 2 were driven by a pulse train of suf- 
ficient amplitude generated from a mechanical pulse generator, which consists 
of a slotted rotating disc and a jet. In the test, each device was loaded 
with 0.030-inch orifices. A hot wire probe was placed at the output to see 
if the device was switching clearly as the driving signal frequency was in- 
creased. 
pulse was adjusted to obtain clean switching. 

While increasing the driving pulse frequency, the amplitude of the 

In this manner, the device was driven satisfactorily at 50 pulses per 
second. 
came more and more degraded with respect to its amplitude and noise level. 
Above 200 pulses per second, the device was not switching clearly. 

From 50 up to 200 pulses per second the output from the device be- 

In Figures C-9 to C-18, the corresponding test data on the Devices No. 

1 and 2 are presented. 
No. 0, 1, and 2 ,  it is evident that the performance characteristics of the 
Devices No. 1 and 2 are considerably different from their master Device No. 

0 .  This is caused mainly by the dimensional deviation when making the cast 
copies. For an example, it was found as mentioned previously, that the noz- 
zle width in Device No. 0 (master) was 0.021 inch, whereas Devices No. 1 and 
2 (the copies) were 0.023 inch. In terms of the original dimension, this 
corresponds to about 10 percent deviation. From this experience, it is ob- 
vious that when designing a fluid amplifier in mass production, the inherent 
deviation in the particular manufacturing process used must be taken into 
consideration. 

By comparing each corresponding figure of Devices 

C-5. SUGGESTIONS FOR FURTHER DEVELOPMENT 

1. The lowest power level of operation of the present design is slightly 
higher than 10 inches water gauge, or 2230 in terms of Reynolds num- 
ber. It is felt that this value can be lowered by a minor modifica- 
tion in the design. From power supply point of view, this improve- 
ment is a must. 

2. The design must be improved to provide a somewhat higher gain than 
what has been achieved at present. 
can be achieved rather easily by modifying the design of the input 
ports. 

In the author's opinion, this 

3 .  The approach taken in designing the DO1 No. 2 has proved to be very 
promising, though minor modifications are necessary. It is suggested 
that in the next design the inputs and outputs arrangements be made 
to facilitate the assembly of the devices into systems. 
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APPENDIX D 

EVALUATION OF DYCRIL PROCESS FOR MAKING TEMPLATE 

D-1. INTRODUCTION 

The DYCRIL Process has been applied to fabricate fluid devices for some 
time. The process and its limitations are described in detail in the report 
entitled, "Fluid Amplfier State of the Art" by the General Electric Company. 
UNIVAC's experience with the DYCRIL process has been unsatisfactory. 
is based on Mr. E. R. Phillip's report4 when he attempted to fabricate a flip- 
flop with the smallest cross section of 0.020 inch wide by 0.040 inch deep 
in the design. The process at its present state, primarily developed by the 
printing industry, is not applicable to fabricate fluid devices which have 
cross sections equal to or smaller than mentioned above. 

This 

In order to evaluate the possibility of using DYCRIL process to make 
the template which can be used in the pantograph to produce the desired small 
size fluid device, the following test on the dimensional tolerance of the 
process has been carried out. 
desirability of establishing such a process in our Special Devices Depart- 
ment will be founded as a result of this investigation. The other factors 
which should be considered in making such a determination are summarized in 
L I I ~  t a b l e  oil page 8-8 of  the above-mentioned report by the General Electric 
Company. 

It is hoped that a basis for determining the 

I 1. 

D-2. DIMENSIONAL TOLERANCE OF DYCRIL PROCESS 

A. General Description of the Test 

A negative as shown in Figure D-1 was used to make a template of 
10 times the final device size by DYCRIL process. 
of thickness 0.007 inches. This was not the type (CRONAR ORTHO D of density 

The film used was CRONAFLEX 

D- 1 



Figure D-1. Template for DO1 No. 2 Design 

above 4)  suggested by Dr. G. Michel of the DuPont Printing Plate Laboratory 
in Philadelphia, who provided the necessary assistance and laboratory facil- 
ity to make the test template. 

The equipment and procedures are well-developed and established by 
DuPont and are described in their published literature. 
however, to give a sketch of the relative positions of the light source, 

It is important, 
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the negative, the DYCRIL plate, and the test sample in order to analyze the 
test result. 

B. Test Results 

The test sample consists of 4 blocks which were prepared in the 
following manner. 
location as shown in Figure D-2 was sawed off from the template, and then 
it was subdivided into 4 blocks. The end faces o f  each block are lapped 
carefully to obtain a flat, smooth surface for the photographic analysis. 

An area of approximately 1-1/4 inches by 3/4 inch at the 

DYCRIL PLATE 
TYPE 152 

T 
10.5" 

1 
282-65 

NEGATIVE TEST SAMPLE TAKEN 
AT T H I S  LOCATION 

Top V i e w  Front V i  e w 

Figure D-2. Schematic Showing Exposure of the DYCRIL Plots 

Figure D-3 shows the top view of the blocks at 7.5 times the origi- 
nal size and indicates the end view of each block. Photographs of the end 
views of 65.2 times the original dimension of the test blocks are shown in 
Figures D-5, D-6, D-7, and D-8. In essence, the test consists of measuring 
t h e  d i m e n i c ? n s  of the "ridqe" in these four figures and making comparison 
with the dimension on the negative and the specification given by the DuPont 
Company. 

In the following, the result and discussion of the test are re- 
ported from the viewpoint of a fluid amplifier designer. 

(1) Considering the optics involved in DYCRIL process, it is rea- 
sonable to assume that the top width of the ridge measured in 
Figures D-4, D-5, D-6, and D-7 should be very close to the 
corresponding dimension on the negative. The width of the 
ridge on the negative is 0.133 inches r0.0005 inches,and both 
sides are parallel when observed under an optical comparator. 

D-3 
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BLOCK NO. 1 

BLOCK N 0 . 2  

BLOCK NO. 3 

/-OUTER 
INNER SIOE 

I 

BLOCK N 0 . 4  
END VIEW 

t 
282-67 I 

Figure D-3. Top View of the Test Blocks 

The top width measured from the photographs are: 

Block No. 1 0.1334 inch k0.003 inch (tolerance due to 

Block No. 2 0.1307 inch k0.003 inch 
Block No. 3 0.1350 inch k0.003 inch 
Block No. 4 0.1350 inch k0.003 inch 

measurement) 
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There fo re ,  i t  can be reduced from t h e s e  d a t a  t h a t  f o r  a given 
s t r a i g h t  l i n e  w i t h  a f i xed  w i d t h  on t h e  n e g a t i v e ,  DYCRIL proc- 
e s s  i s  capable  of reproducing t h i s  l i n e  on t h e  s u r f a c e  of t h e  
DYCRIL p l a t e  w i t h  t o l e r a n c e  of +0.0021 inches .  

( 2 )  According t o  DuPont Company's s p e c i f i c a t i o n  f o r  t h e  Type 152 
p l a t e ,  t h e  r e l i e f  is  0.040 inches .  The  measured dep ths  from 
t h e  photographs a r e :  

Block No. 1 0.0435 inch +0.0003 inch 

Block No. 2 0.0447 inch t0.0003 inch 

Block No. 3 0.0447 inch +0.0003 inch  

Block No. 4 0.0472 inch +0.0003 inch 

The d a t a  i n d i c a t e s  t h a t  t h e  process  has t h e  tendency of over-  
e t c h i n g  and t h a t  t h e  uni formi ty  i s  s u b j e c t  t o  s e v e r a l  thousands 
of an inch v a r i a t i o n  a t  d i f f e r e n t  s e c t i o n s .  

( 3 )  The shape of t h e  s i d e s  of t h e  r i d g e  i n d i c a t e s  a c o n s i s t e n t  
shape ,  more pronounced on t h e  i nne r  s i d e  than  t h e  o u t e r  s i d e  
w i t h  r e s p e c t  t o  the l i g h t  sou rce .  S ince  t h e  t r a c i n g  s t y l e s  
of t h e  pantograph fo l low t h e  o u t e r  edge of t h e  "S" shape,  t h e  
p o s s i b l e  d e v i a t i o n  i n  t h e  channel w i d t h  of t h e  f l u i d  dev ice  
made by us ing  t h i s  template  can be e s t ima ted  i n  t h e  fo l lowing  
manner: ( r e f e r  t o  D-8) 

"S" 

P o s s i b l e  d e v i a t i o n  from nega t ive  = a + b 

The e f f e c t  i s  t o  g ive  a narrower channel w i d t h  than d e s i r e d .  

The measurements on the  photographs a r e  given below: 

P o s s i b l e  d e v i a t i o n  a('0.003") b('0.0003") from Ne ative 

Block No. 1 0.0023" 0.0044" 0.0067" 

Block No. 2 0.0027" 0.0039" 0.0066" 

Block No. 3 0.002 1" 0.0051" 0.0072'' 

Block No. 4 0,0018" 0.0042" 0.0060" 

I n  s h o r t ,  t h e  present  process  always g i v e s  a narrower channel 
s i z e  than des ign  s i z e  by t h e  amount a s  shown above. 

The "S" shape of t he  s i d e s  of t h e  r i d g e  i s  q u i t e  d i f f e r e n t  
from what i s  expected,  and the  exp lana t ion  f o r  t h i s  a t  pre- 
s en t  i s  n o t  c l e a r .  A rough  e s t i m a t e  of t h e  r a d i u s  R g ives  an 
amount of about 0.004 inch .  
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I 
( 4 )  The time required for the processes which employ photographic 

work are: 

DYCRIL Process 0.5 - 1.0 hour 

12 hours Photosensitive 
Glass Process 

12 hours Phot osen s i t i ve 
Ceramic Process 

. .  

CHANNEL WALL 

Figure D-8. Cross Section of the Test 

D-3. CONCLUSIONS 

From the standpoint of a fluid amplifier designer, it is obvious that 
the tolerance of the DYCRIL process as reported here must be improved if it 
is to be used t o  fabricate the device directly. However, if the process is 
adopted to make the template for pantograph with a scale of 7 or more (ratio 
of template to actual device size), DYCRIL process will give an excellent 
result. 
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